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ABSTRACT
Understanding Microstructure Heterogeneity in Li-Ion Battery Electrodes
Through Localized Measurement of Ionic Transport
Baichuan Liu
Department of Chemical Engineering, BYU
Doctor of Philosophy
Electrode microstructure influences ionic transport and electronic transport and is a key
factor that affects lithium-ion battery performance. Non-uniform microstructure or heterogeneity in battery electrodes has long been observed and leads to non-uniform transport properties.
This work provides a better understanding of in-plane heterogeneity at millimeter length scale and
through-plane heterogeneity at micrometer length scale, through a combination of experiment and
modeling.
The first part of this work develops the aperture probe technique, which is an experimental
method and associated model to locally estimate ionic transport, represented by MacMullin number, in the electrode. By generating contour maps of MacMullin number, the in-plane variation of
ionic transport is visualized in the electrodes. The local ionic transport measurement technique is
validated by comparing with another measurement technique and showing an agreement between
the results obtained from the two techniques.
The second part of this work focuses on characterizing dual-layer anodes that consist of
two layers of coating with distinctly different microstructures. The aperture probe technique was
adapted to determine the MacMullin numbers in the two layers separately. The method was validated by a series of virtual experiments and by comparing in one case to an electrode film that was
delaminated from the current collector and experimentally sampled from both sides.
Because both the electronic transport and the ionic transport are found to be related with the
electrode microstructure, it is of interest to understand how these two transport properties relate to
each other. The local electronic conductivity and MacMullin number of several commercial-grade
electrodes were mapped. The correlation between the two transport properties is distinct for each
electrode and significant at length scales larger than about 6 mm.
The last part of this work investigates how heterogeneity of ionic transport affects the cycling performance of a lithium-ion cell. A localized MacMullin number measurement is made to
characterize the ionic transport heterogeneity of electrodes prior to cycling. Then synchrotronbased X-ray diffraction is applied to analyze the heterogeneity in state of lithiation after high-rate
cycling. When comparing the ionic transport map and the state-of-charge map, no strong correlation is observed. While this experiment was inconclusive, it suggests that other factors are more
responsible for spatial variations in state of lithiation.
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CHAPTER 1.

1.1

INTRODUCTION

Motivation
Transportation has long been a major sector that emits greenhouse gas into the atmosphere.

The climate pressure of global warming and governments’ commitments to reduce emissions have
significantly boosted the growth of the electric vehicle market. Electric vehicles use lithium-ion
batteries to carry energy, but lithium-ion battery performance and cost are still a hurdle that deters
consumers from adopting electric vehicles. Therefore, extensive research focuses on improving
batteries in terms of energy density, safety, charging time, and lifespan. While material scientists
are exploring novel materials to reach these objectives, battery design engineers are making efforts
to improve battery performance using existing materials.
An electrode film is composed of particles of various sizes that form a porous microstructure. The microstructure of porous electrodes is one aspect for improvement [1–3], because the
microstructure affects electrochemical processes that are critical for the battery performance. A
deep understanding of electrode microstructure lays the foundation for improving battery performance and mitigating cell degradation. However, characterizing electrode microstructure is very
challenging due to its complexity and randomness.
In the volume of the electrode, particle sizes and shapes are not uniform, and particles are
non-uniformly distributed. This non-uniform distribution of particles leads to a heterogeneity that
causes transport variation, potential variation, and non-uniform current distribution in the electrode. Many battery researchers used to assume that the effect of heterogeneity is negligible and
focused primarily on the volume-averaged properties of the electrode. However, research results in
the last decade show that an unintended heterogeneity have a detrimental effect on battery performance and battery life [4–8]. Thus, to better understand battery failure mechanisms and to improve
battery performance, it is necessary to take heterogeneity into consideration and develop a tool to
visualize the heterogeneity of the electrode.
1

This dissertation focuses on the in-plane heterogeneity of ionic transport at the millimeter
length scale and through-plane heterogeneity at the micrometer length scale. The MacMullin number, a dimensionless number, is used to quantify the impact of electrode microstructure on ionic
transport. Despite much effort spent in measuring the MacMullin number [7, 9–22], a technique
to visualize the in-plane variation of the MacMullin number in electrodes is not established. Thus,
in this research, we developed an “aperture probe” and a 2-dimensional transmission-line model
to measure and quantify the MacMullin number of the electrode at the millimeter length scale. By
scanning the electrode with the aperture probe and generating a map of MacMullin number, we
can visualize the in-plane heterogeneity of ionic transport across the electrode.
In addition to the in-plane heterogeneity, the through-plane heterogeneity has also drawn
the attention of researchers. Some researchers have demonstrated that electrodes with gradient
porosity show improved rate-performance [23–28] because such electrode microstructure favors
ionic transport in the layer close to the separator and electronic transport in the layer close to the
current-collector. Other groups have fabricated electrodes consisting of two layers, called duallayer electrodes, with different microstructure in the two layers. To achieve an optimal dual-layer
microstructure design, a tool to accurately characterize the microstructure in each layer is critical.
In this research, we studied two dual-layer anodes. To quantify the MacMullin numbers of the duallayer anodes, we enhanced the model for data analysis by incorporating a dual-layer microstructure
profile and used the enhanced model to analyze the impedance spectra of dual-layer electrodes.
Our research group has spent much effort studying the impact of microstructure on electronic transport and ionic transport, and we confirmed that decreasing porosity favors electronic
transport and hinders ionic transport [29, 30]. However, the degree of correlation between electronic transport and ionic transport was previously undetermined. To investigate the correlation
between the two transport properties, we tested several commercial-grade electrodes, before and
after calendering, using the aperture probe to obtain MacMullin numbers and using a micro-flexible
surface probe (µFSP) developed by Vogel et al. [31] to obtain electronic conductivities. By comparing the variation of MacMullin number with that of electronic conductivity, we investigated
how microstructure affects each transport property and examined the correlation between the two
transport properties.
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The ultimate goal of studying the battery electrode is to improve battery performance. Previous research suggests that the heterogeneity of electrodes limits battery performance [4, 32, 33].
To understand how heterogeneity of ionic transport affects the cycling performance of a lithium-ion
cell, we used the aperture probe to characterize the ionic transport heterogeneity of electrodes prior
to cycling. Then synchrotron-based X-ray diffraction was applied to analyze the heterogeneity of
the state of lithiation after fast charge and discharge cycling. By comparing the ionic transport map
and the state-of-charge map, we investigated the relation between ionic transport heterogeneity and
the cycling behavior of electrodes.
In the remainder of this chapter, there is a discussion of the scope of work. This is followed by a background section including a brief introduction of Li-ion battery construction and
electrochemical impedance spectroscopy.

1.2

Scope of work
The main objective of this work is to study in-plane and through-plane heterogeneity of

ionic transport of battery electrodes. These insights are developed especially for Li-ion battery
electrodes made with traditional manufacturing methods and materials. This work first introduces
a characterization tool to visualize the in-plane microstructure heterogeneity with an associated
mathematical model for interpreting the impedance spectra. Then, an enhanced mathematical
model is presented to analyze the impedance data for dual-layer anodes. The correlation between
electronic transport and ionic transport for several electrodes is analyzed. Finally, the relation
between ionic transport heterogeneity and the cycling performance of lithium-ion cells is investigated.

1.2.1

Visualizing electrode heterogeneity
All the studies in this work are based on visualizing the heterogeneity of ionic transport

of porous electrodes. Previously our research group developed a blocking-electrolyte method to
quantify MacMullin number, a geometric property that describes the effect of microstructure on
ionic transport [34]. In Chapter 2, I discuss how I adapted the blocking-electrolyte method and created an “aperture probe” to measure the local MacMullin number of electrodes at the millimeter
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length scale. The validity of this method is also verified by showing statistical agreement between
the MacMullin numbers measured by these two methods. Moreover, a mathematical model is introduced to interpret the experimental data collected at the millimeter length scale. This technique
provides a valuable characterization tool to understand the microstructure of battery electrodes and
to improve the electrode quality. This chapter is based on published work titled “Heterogeneity in
MacMullin Number of Li-Ion Battery Electrodes Studied by Means of an Aperture Probe” in the
Journal of The Electrochemical Society [35].

1.2.2

Characterizing double-layer electrodes
Electrode manufacturers provided us with anodes having a dual-layer microstructure, which

are believed to have better rate-performance than conventional single-layer electrodes. In order to
optimize the design and investigate the rate performance of dual-layer anodes, it is necessary to
characterize the microstructure of each layer. Chapter 3 describes how I improved the mathematical model developed in the previous chapter in order to estimate the MacMullin number in each
layer of the dual-layer anode. The accuracy of MacMullin number estimation of the enhanced
model was investigated by comparing the analytical solution with a numerical solution solved by
COMSOL Multiphysics, using an implementation of the finite element method. To improve the
accuracy of MacMullin number estimation, the aperture probe method was combined with another
electrode impedance measurement method. Two commercial-grade dual-layer anodes were studied using the aperture probe and the new model, and the average MacMullin number of each anode
in each layer is reported in this chapter.

1.2.3

Correlation between electronic transport and ionic transport
Researchers have begun to quantify the impact of microstructure on electronic transport

and ionic transport. The purpose of the research work in Chapter 4 is to better understand how
electrode microstructure influences ionic and electronic transport properties. Several commercialgrade anodes and cathodes were scanned both with the µFSP to generate electronic conductivity
maps and with the aperture probe to generate MacMullin number maps. By comparing the average
value of electronic conductivity and MacMullin number, the correlation between electronic trans-
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port and ionic transport was investigated at the macroscopic level. Additionally, by comparing the
contour maps of electronic conductivity and MacMullin number, the correlation between electronic
transport and ionic transport was investigated at the mesoscopic level. After comparing these data,
correlation between ionic transport and electronic transport are observed at larger length scale.

1.2.4

Effect of electrode heterogeneity on lithium-cell cycling
The purpose of the last chapter of this dissertation (Chapter 5) is to understand how the

heterogeneity of ionic transport affects the cycling performance of a lithium-ion cell. We used
the aperture probe to characterize the ionic transport heterogeneity of electrodes prior to cycling.
Then synchrotron-based X-ray diffraction was applied to analyze the heterogeneity of the state
of lithiation after fast charge and discharge cycling. When comparing the ionic transport map
and the state-of-charge map, we did not observe a strong correlation between the ionic transport
heterogeneity and cycling behavior of electrode.

1.3

Background
In order to better understand the value of this research work, the reader must have basic

knowledge of battery structure and function. This section briefly describes the mechanism of a
Li-ion battery system that is commonly available in the market. It is followed by a brief review of
electrode microstructure and mass transport of lithium ions. Finally, the theory of electrochemical impedance spectroscopy (EIS) and its application in electrode characterization are briefly explained.

1.3.1

Lithium Ion Battery
Currently, most Li-ion batteries in the market consist of a graphite anode, a lithiated tran-

sition metal oxide cathode, and a lithium-ion salt dissolved in an organic liquid electrolyte, as is
shown in Figure 1.1. To prevent electronic contact between the anode and the cathode, a polymer separator is placed between the two electrodes. The way that a Li-ion battery receives and
releases energy is through intercalation and de-intercalation, a reversible electrochemical process
during which Li-ions are inserted into or removed from cathode and anode crystal structures. The
5

Figure 1.1: Illustration of lithium-ion battery system. [36]. Used by permission.

following reactions represent the most typical electrochemical reactions that happen in the anode
and cathode
Lix C6 ↔ C6 + xLi+ + xe−

(1.1)

Li1−x CoO2 + xLi+ + xe− ↔ LiCoO2

(1.2)

Reaction 1.1 describes the electrochemical reaction that happens in the anode. During discharge,
lithium ions are released from the anode through the oxidation reaction. The lithium ions diffuse
through the electrolyte to the cathode side and react with the cathode material as described in
Reaction 1.2. The energy released by the electrochemical reactions is released by transferring
electrons from the anode to the cathode through an external circuit. The reverse of such process
happens during cell charging.
In practice, the battery can be charged and discharged at a certain rate, and such rate is
quantified by C-rate. The 1C rate is the constant current that would cause the cell to be discharged
or charged in 1 hour based on its known capacity. Other rates are multiples of the 1C rate. For
example, 0.5C and 2C mean that a battery is charged or discharged at rates that correspond to
6

nominal 2 hours and 0.5 hour, respectively. In actual practice, at higher C-rates the charge or
discharge time will be less than the nominal value because internal resistances cause the cut-off
voltage to be reached sooner.
State of charge (SOC) is defined as the level of charge of the battery relative to its capacity.
The battery is fully charged when SOC = 100% and is empty when SOC = 0%. State of lithiation
is a related concept that is specific to each electrode. In Reactions 1.1 and 1.2, the subscript x can
be used to represent the state of lithiation in the electrode crystal structure.
The cathode material consists of active material, carbon black, and a polymer binder.
Since most active materials have poor electronic conductivity, carbon black is added to enhance
electronic conductivity. Polymer binder is used to create cohesion among particles and adhesion between the electrode film and the metallic current collector film, thus improving the mechanical stability of the electrode film. As for active materials, researchers have been exploring various lithium compounds, such as LiNiO2 , LiCoO2 , LiMn2 O4 , LiFePO4 , LiNix Mny Coz O2 ,
LiNix Co1xy Aly O2 [37, 38], and the objective of cathode material research is to find an optimal
balance among performance, safety, and cost [39, 40]. For anodes, carbonaceous materials such
as graphite are widely used due to their abundance in nature. Batteries with graphite anodes have
long cycling life. Another potential material, silicon, has drawn researcher’s attention in recent
years because of its high theoretical capacity. However, poor cycling performance caused by a
large volume change during charge and discharge process is a significant drawback that hinders
the mass application of silicon anodes [41, 42].
Ideally, the cell can be charged and discharged many times so long as the electrode structure
and the substances remain intact. However, some undesired side reactions and physical processes
lead to battery degradation. For example, instead of intercalating into graphite during charge,
lithium ions may deposit as metal at the surface of the anode, a process which is called lithium
plating [43]. Lithium plating can occur when the potential of the anode falls below 0V̇ vs. Li/Li+ ,
while the intercalation of Li+ ions into graphite begins at a slightly more positive potential, namely
0.005V̇ – 0.300V̇ vs. Li/Li+ . Low potentials causing lithium plating can easily occur by voltage
polarization during fast charge. Lithium plating is undesired because it is commonly irreversible
and causes safety risks for the battery [44]. Lowering the voltage polarization caused by ionic
transport is a solution to mitigate Li plating. Therefore, improving the microstructure of the anode,
7

such as reducing the thickness and tortuosity, is a critical measure to mitigate lithium plating
[45,46], and some researchers have observed that anodes with low tortuosity show reduced lithium
plating [47, 48].
As for cathodes, the most critical challenge under fast-charge conditions is their structural
instability against rapid changes in the unit cell volume and the resulting mechanical stress. As
a consequence, microcracks may develop throughout the active material particles during the fast
charge and discharge, allowing electrolyte to permeate into particles and react with active materials. Such reaction increases cell impedance and decreases cell capacity. Microcracks may also
decrease the electronic conductivity of the active material.

1.3.2

Electrode microstructure
In order to have electrochemical reactions take place, electrons and ions need to meet at

the surface of active materials. Other electrochemical processes, including electron transport in
solid phase and ionic transport in electrolyte, are also important. Each of these processes could
be a source of resistance that limits battery performance. Understanding and controlling these
resistances helps battery researchers to develop high performance batteries that meet the demands
of the market.
Lithium-ion battery electrodes are engineered to have a porous structure so that a large
internal surface area can accommodate high amounts of electrochemical reaction. The porous
structure also affects lithium-ion transport through electrolyte diffusion and allows lithium-ions to
have access to active materials inside electrode films [49].
One property of the microstructure is porosity, which is the percentage of void space in the
porous electrode. High porosity provides more space for lithium-ion diffusion, which facilitates
the electrochemical process. However, excessive porosity sacrifices the mass loading of active
material, thus reducing the energy density of the electrode. Additionally, increasing porosity of
electrode leads to poor mechanical durability [50]. Another property of the microstructure is tortuosity. Tortuosity is a geometric factor that describes how convoluted the pathway is for an ion
to move within the pore network. As is shown in Figure 1.2, when the pore is straight and uniform (left), the tortuosity equals one, which is the ideal case for lithium-ion diffusion. However, in
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Figure 1.2: A geometry signification of tortuosity (τ) [34]. Used by permission.

practice, the pores are convoluted (middle) and non-uniform (right), which means the tortuosity is
larger than one.
Some workers define tortuosity as the ratio of the ionic pathway to the straight-line distance
[13],
dpath
,
d

τ=

(1.3)

where dpath is the actual length of ionic pathway, d is the cartesian distance between the starting
point and the end point of the ionic transport, and τ is the tortuosity. However, this approach omits
the third situation that is shown in Figure 1.2 (right). Therefore, a more comprehensive way to
quantify tortuosity that accounts for all possibilities and also correctly averages multiple intersecting paths is to empirically measure ionic conductivity or diffusivity in the composite medium and
use this to define tortuosity [51].
k=

kint ε
τ

(1.4)

D=

Dint ε
τ

(1.5)

where ε is the porosity, k and kint are, respectively, the effective and intrinsic ionic conductivity,
D and Dint are, respectively, the effective and intrinsic diffusivity. The intrinsic conductivity and
diffusivity are properties of the electrolyte itself.

9

Furthermore, the ratio of ε and τ is used to define MacMullin Number (NM ) [52]. The
MacMullin number is used to describe the microstructure because it does not require an assumption
about porosity and is directly used in any Newman-type transport model. [13, 19, 52, 53]. The
MacMullin number is defined as
NM =

kint τ
= .
k
ε

(1.6)

Particle size impacts electrode microstructure. To provide more internal surface area per
mass and shorten the lithium-ion diffusion distance within a particle [54, 55], small particles
are preferred, but large particles generally form a more-interconnected pore network that favors
lithium-ion transport [30]. Additionally, particle size is not uniform in electrodes, and particle size
distribution has significant impact on electrode properties [56–58]. Particle shape also affects the
performance. Spherical, plate-shaped, rod-shaped, and needle-shaped particles are studied in an
attempt to improve the performance. Additionally, for non-spherical particles, orientation of the
particles also affects electronic conductivity and ionic diffusion [8, 30].

1.3.3

Electrochemical impedance spectroscopy and equivalent circuit modeling
Electrochemical impedance spectroscopy (EIS) is often used to characterize battery cells

and other electrochemical systems. In this research work, we use EIS to measure the impedance
of battery electrodes and characterize the microstructure of electrodes.
To measure the impedance of an electrochemical system, an alternating voltage is imposed
on the system with the frequency often logarithmically varying from high to low (for example from
3 MHz to 0.1 Hz), and the corresponding current is measured simultaneously with a potentiostat.
The complex ratio of the voltage and the current of a particular frequency is the complex impedance
(Z(ω))
Z(ω) = Zre (ω) + jZim (ω),

(1.7)

where Zre is the real part of the impedance (i.e. resistance), Zim is the imaginary part of the
impedance (i.e. reactance), and ω is the frequency of an alternating voltage.
An electrochemical system can be described by an equivalent circuit of a combination of
resistors, capacitors, and similar circuit elements [59]. For example, Figure 1.3 shows a Randles
model which is a simple equivalent circuit model of an electrode. In that circuit, the resistor
10

Cdl

Rsol
Rct

Figure 1.3: The equivalent circuit of bulk solution resistance and charge-transfer reaction [59].

Rsol describes the ionic transport in bulk solution, the capacitor Cdl describes the double-layer
capacitance at the solid-liquid interface, and the resistor Rct describes the charge-transfer reaction
that happens at the solid-liquid interface. The impedance of the bulk solution resistance is therefore
Z1 = Rsol .

(1.8)

The impedance of the charge-transfer reaction is
Z2 =

Rct − jωR2ctCdl
.
1 + (ωRctCdl )2

(1.9)

Thus, the overall impedance is
Z = Z1 + Z2 = Rsol +

Rct
ωR2ctCdl
−
j
.
1 + (ωRctCdl )2
1 + (ωRctCdl )2

(1.10)

The impedance data are presented in several ways. One way to represent impedance is
through a Bode plot, which illustrates the relationship between phase angle, impedance magnitude,
and frequency, as shown in Figure 1.4 (a). However, another representation of impedance, the
Nyquist plot, is used more in electrochemical research. As is shown in Figure 1.4 (b), a Nyquist
plot represents the relation between Zre on the x-axis and −Zim on the y-axis as a function of the
frequency. By fitting the impedance model (Equation 1.10) to the Nyquist plot, one can determine
the value of resistances, capacitances, and impedances of other circuit elements.
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Figure 1.4: Example of (a) Bode plot and (b) Nyquist plot of Randles model impedance.

For real battery research, the impedance modeling is more complex because it involves
additional kinds of electrochemical processes. There could be multiple equivalent circuits to fit
a Nyquist plot, but they do not necessarily accurately describe the physical process in the system. Thus, equivalent circuit modeling requires a comprehensive understanding of physical and
chemical processes occurring in the system. Much effort has been made to develop improved EIS
modeling [13, 14, 60–69].
Having outlined the main principles of lithium-ion batteries and impedance measurement
techniques, we are prepared to discuss the development of the aperture probe in the next chapter.
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CHAPTER 2.

APERTURE PROBE DEVELOPMENT

The contents of this chapter were published as a paper in the Journal of The Electrochemical
Society in 2021 [35]. Some additions have been made, however.

2.1

Introduction
Tortuosity is a dimensionless number used to characterize the ionic transport pathways in

porous electrodes [70]. High tortuosity lowers the effective ionic conductivity of electrolyte and the
effective diffusivity of lithium ions inside porous electrodes [17, 34]. Low lithium-ion diffusivity
causes depletion of lithium ions near the electrode-electrolyte interface for cathodes during fast
discharge and for anodes during fast charge, which limits the practical capacity of the battery. In
addition, the depletion of lithium ions near the surface of an anode is one factor that favors lithium
plating [71]. Therefore, to improve the performance of a battery, tortuosity is a key aspect that
needs to be studied and understood.
Heterogeneity of tortuosity is of particular interest in this research. A growing amount
of effort has been devoted to studying the heterogeneity of electrode structures [56, 72–74] and
of charge-transfer reactions [61, 75–77]. Forouzan et al. [32] studied the effects of the structural
heterogeneity of electrodes using a Newman-type model and applied it simultaneously to multiple
regions of the electrode. Their research suggests that heterogeneity contributes to non-uniform
lithium plating that causes dendrite growth. Such plating on the negative electrode is a significant
cause of battery degradation [4]. The study conducted by Gogoana et al. [78] suggests that a 20 %
difference between the internal resistance of two matched cells could reduce the life span of the cell
by 40 %. Therefore, understanding and addressing the problem of heterogeneity can help improve
battery performance.
To measure the heterogeneity of battery electrode properties, researchers have been exploring the application of scanning electrochemical microscopy (SECM) to visualization of Li-ion con-
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centration [79,80], electrochemical properties [81–85], and SEI formation [86,87] at the nanoscale.
Hossain et al. [88] applied SECM, together with a redox agent, to measure effective diffusivity of
ions in porous electrodes at a micrometer scale. By computing the ratio of effective diffusion
coefficient to the bulk diffusion coefficient of redox agent, they computed MacMullin numbers
of porous electrodes, and their results were in agreement with the theoretical values (Bruggeman
model [17, 89–91]) when the porosity is above 60%.
There are two primary methods used to quantify tortuosity. One approach involves numerically estimating the tortuosity based on tomographic data [7, 9–12]. Another approach is to
directly measure transport phenomena of the composite material, such as the ionic conductivity and
the diffusivity [13–22]. Pouraghajan et al. [34] refined the blocking-electrolyte method originally
developed by Landesfeind et al. [13] to quantify the tortuosity of battery electrodes. However, the
blocking-electrolyte method does not measure the heterogeneity of tortuosity, since the model for
the blocking-electrolyte method assumes a homogeneous microstructure. Thus, we developed a
new instrument, called the “aperture probe”, to directly measure the tortuosity at different locations of an electrode. The principle of the aperture probe is to generate a large amount of current
from a high-surface-area electrode inside the aperture probe, converge all the current to the aperture, and drive the current to the electrode sample within a small area limited by the dimension
of the aperture. (see Figure 2.1). The mechanism of the new instrument is similar to that of the
blocking-electrolyte method, but the measurable area is smaller, yielding a higher spatial resolution
(approximately 400 µm).
Tortuosity is represented in this research as a MacMullin number, which is the ratio of the
tortuosity and the porosity
NM =

kint τ
=
k
ε

(2.1)

where kint is the intrinsic ionic conductivity of the electrolyte, k is the effective ionic conductivity
in the porous electrode, τ is the tortuosity, and ε is the porosity.
In this work, we present the structure and the fabrication of the aperture probe and the
local tortuosity measurement process. A new model developed to analyze local impedance data
is explained. The local tortuosity measurement technique is validated by comparing the average
tortuosity value obtained from the localized measurement technique to the value obtained from the
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Silver
Membrane
Aperture
Electrode

Figure 2.1: Principle of the aperture probe. The color scale from dark purple to white represents
the electrochemical potential in three regions: silver membrane, aperture, and electrode. The black
solid lines show the current density and current direction across the three regions for illustration
purposes in the absence of Faradaic reaction.

blocking-electrolyte method and other references. Finally, we generate contour maps that reveal
the tortuosity variation of seven representative battery electrodes and perform statistical analysis
on the heterogeneity of the electrodes measured.

2.2
2.2.1

Aperture probe and experiment
Evolution of aperture probe design
Figure 2.2 shows four generations of the aperture probe design. The limiting factor of the

aperture probe performance is the internal surface area; thus, we kept looking for a material that
provides high surface area. The first-generation probe consisted of intertwined copper wires, which
provide a high internal surface area. The first generation probe was able to qualitatively detect the
difference between electrode samples through impedance spectra. However, the first-generation
probe was bulky and not sensitive enough for quantitative analysis. In the second-generation probe,
copper wires were replaced by copper foams that have higher internal surface area. Thus, we were
able to reduce the size of the probe. To further improve the sensitivity of the aperture probe, we
then used silver membranes (Sterlitech, 5.0 micrometer pore size) to replace copper foams for the
third generation probe. Silver membranes have higher internal surface area and are chemically
more stable than copper foams. Therefore, the dimension of the probe was reduced to 6 mm.
The silver membrane is designed and sold as a microfilter. We initially acquired two silver
membranes with different pore sizes, 5.0 micrometer and 0.2 micrometer. The one with 5.0 mi-
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1st Generation

2nd Generation

35 mm

10 mm

4th Generation

3rd Generation
6 mm

6 mm

Figure 2.2: Evolution of aperture probe. The polyimide film is not shown in the first generation.

crometer pore size was chosen for the aperture probe because, through experiments, we found that
it has smaller impedance than the other.
To create a repeatable and long-lasting experimental system, we need to provide a solid
mechanical support to the metallic materials. At the same time, we need to control the ionic current
using an aperture with a certain size. The first 3 probe generations had thin polyimide film (20 µm)
covering the metallic materials to create an electronic and ionic barrier with an aperture to allow
ionic flow. However, the thin polyimide film does not provide a solid mechanical support, which
affects the repeatability of the impedance measurement. To address these issues, a thick polyimide
film (125 µm), which provides a better mechanical support, was used in the fourth generation to
cover the silver membranes. For the first 3 probe generations, the main body of the probes were
16

(a)

(c)
Copper Wire
connected to
current source

(b)

Silver Membranes
Polyimide Film
Copper Wire
Silver Membranes
Polyimide Film
Aperture (404 μm Diameter)

400 μm

Figure 2.3: (a) Cross-section of the structure of the aperture probe. (b) Zoomed view of the
compartment of the aperture probe (inside the red circle of (a)). (c) Image of the aperture under an
optical microscope. A silver membrane is visible inside the aperture but is blurred due to the lens
focus of the microscope.

produced through 3D printing, but it was observed that the 3D printing material can be damaged
by the electrolyte solvent. Thus, to make the aperture probe last for a long time, PTFE was used in
the fourth generation due to its strong chemical resistivity.

2.2.2

Fourth-generation aperture probe design
Additional design elements of the fourth-generation aperture probe are illustrated in Figure

2.3. The “T” shaped main body of the aperture probe is machined from PTFE (the blue object in
(a) and (b)) using a CNC milling machine. The internal structure of the aperture probe is shown
in Figure 2.3 (b). The core component of the aperture probe is a stack of silver membrane that has
a porous structure and high internal surface area to generate a large amount of current. There are
10 layers of silver membrane placed in the compartment of the aperture probe, each a disc of 3.18
mm diameter. The stacked silver membranes are connected to a current source through an external
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Re (Z) / kΩ
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Figure 2.4: Impedance of the aperture probe from 0.3 Hz to 4 kHz frequency with different layers
of silver membranes.

copper wire (orange line in Figure 2.3 (a) and (b)). A polyimide film (125 µm thick) is covering
the silver membranes and is sealed to the probe by epoxy (J-B WaterWeld). In the center of the
polyimide film, there is an aperture cut with a drill bit (400 µm diameter). The effective diameter of
the aperture in this research is 404 µm, which is calculated from the area of the aperture observed
in the optical image shown in Figure 2.3 (c).
Ten is the optimal amount of layers that balance the trade-off between the surface area
and thickness. As is shown in Figure 2.4, when adding more silver membranes in the aperture
probe, the increasing surface area generates more current, thus the impedance of the aperture probe
decreases asymptotically. However, additional layers increases the ionic transport distance, which
consequently increases the impedance of the aperture probe and offsets the decreased impedance
by higher surface area. The optimum point balancing these two effects occurred around 10 layers.
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(a)

Y
X
Actuator Stage

Z
Probe
10-layer Silver
Membrane Stack

Potentiostat
Sample

Petri dish
Copper Foil

Isothermal Heat Sink

(b)

10-layer Silver
Membrane Stack

Sample
Probe

Figure 2.5: (a) Schematic of measurement stage and experiment setup. The probe is mounted in an
inverted configuration and descends onto the sample. The plastic film that covers the setup is not
shown. (b) Layout of the sample, 10-layer silver membrane stack, and the probe inside the Petri
dish.

2.2.3

Experiment setup
Figure 2.5 illustrates the configuration of the measurement stage and the experiment setup.

Accurate position control of the probe is important. As shown in Figure 2.5 (a), an XYZ-controlled
stage (Newmark Systems. Inc. ET-150-14 for X and Y controllers, Actuonix Pq-12 with feedback
for Z controller) was constructed and the aperture probe was mounted to the XYZ-controlled stage.
Positioning is accurate within 0.6 µm over 1 mm of travel and has a minimum step size of 0.24 µm.
The XYZ-controlled stage was computer-controlled through a custom Python program.
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In the Petri dish filled with electrolyte, an electrode sample is located below the movable stage on a larger sheet of copper foil used to connect the electrode to the current source. A
10-layer silver membrane stack is placed next to the electrode sample (see Figure 2.5 (b)) for a
probe calibration measurement explained in the next section. The electrolyte used in this research
is 25.8 mM tetrabutylammonium hexafluorophosphate (TBAPF6 ) in propylene carbonate (Sigma
Aldrich). The Petri dish, together with the actuator stage, is covered with a plastic film to reduce
evaporation of the solvent. An isothermal heat sink was placed beneath the Petri dish to fix the
temperature at 20 ◦ C during the measurement.

2.2.4

Experiment samples

Table 2.1: Composition, film thickness, and porosity values for cathodes and anodes tested in this
work. The sign “+” means the electrodes were further calendered prior to the measurements.
Electrode
Composition
AA005 (anode)
Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
R2+ anode
Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
R2 anode
Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
AC006 (cathode)
HE5050 92 wt%, Carbon 4 wt%, Binder 4 wt%
R2+ cathode
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%
R2 cathode
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%
HQ LCO (cathode)
LCO 93 wt%, Carbon 4 wt%, Binder 3 wt%

Thickness (µm)
48
64
78
28
65
77
45

Porosity
35.1 %
34.9 %
38.2 %
36.1 %
32.6 %
35.6 %
21.0 %

To validate the localized ionic conductivity measurement and the inversion technique and
explore electrode heterogeneity, we scanned 7 electrodes. Table 2.1 gives descriptions for each
electrode. The AC006, AA005, Round-2 anode (R2-A), and Round-2 cathode (R2-C) were provided by Argonne National Laboratory. R2-A and R2-C were specially made for fast-charging
research. HQ LCO was prepared and supplied by Hydro-Quebec. We measured the thickness of
the electrode films with a micrometer (the listed thickness excludes the thickness of the current
collector). The porosity of the electrodes was provided by the manufacturers. However, to test
the aperture probe with a larger tortuosity range, we increased the tortuosity of R2-A and R2-C by
further calendering these two electrodes (R2+A and R2+C). The porosity of these adjusted elec-
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trodes was extrapolated from the porosity reported by the manufacturer according to the change in
thickness.

2.2.5

Bulk-average MacMullin number measurement using the blocking-electrolyte method
First, the blocking-electrolyte method was used to benchmark the MacMullin number of

each electrode. As described in the previous work of Pouraghajan et al. [34], a 4 cm2 piece of
electrode and a second, slightly larger electrode, were cut. A separator was placed between these
electrodes, and the stack was placed into a pouch. Each piece had an uncoated current collector
tab protruding outside the sealed pouch to be used for electrical connection. The same electrolyte
used for localized measurements was injected into the pouch cell. Finally, the pouch was sealed
using an electric heat sealer.
After sitting for 24 hours to allow wetting, each pouch cell was measured under an external
pressure of 33.4 kPa, which is calculated based on the weight (1.36 kg) placed on the sample and
the size of the sample (4 cm2 ), using an EIS instrument (Bio-Logic SP 200) with a perturbation
of 50 mV and frequencies varying with logarithmic spacing from 3 MHz to 0.1 Hz. The opencircuit potential for the symmetric cell was measured as zero, and so no DC bias was used. The
bulk average MacMullin number of each electrode was obtained through impedance data inversion
with a 1D transmission-line model. For HQ LCO, we used the reported tortuosity value [34] as
a benchmark. For R2-A and R2-C, the bulk-average MacMullin numbers were obtained from the
electrodes that are not the same piece, but respectively the same batch, of the electrodes used for
localized measurement, because the R2 electrodes used in this study needed to remain intact for
other research.

2.2.6

Localized tortuosity measurement
After finishing the pouch cell measurements, we opened the pouch cells and used the aper-

ture probe to measure the local tortuosity of each piece of electrode from the pouch cell. The
localized ionic measurement was conducted by moving the aperture probe to each assigned location and lowering the probe down to the surface of the electrode until the aperture made contact
with the electrode. A typical contact pressure between probe and sample is 73 kPa, which is the
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ratio of contact force (26.3 N) and the contact area (36 mm2 ). While in contact, an EIS spectrum
was collected with frequencies varying from 4 kHz to 0.3 Hz and perturbation of 50 mV. The opencircuit potential between the aperture probe and the sample was in the order of 10 mV, and so
no DC bias was applied. After the measurement, impedance data were fit to MacMullin numbers
using the 2D transmission-line model.
The local EIS equivalent circuits are the same for both blocking-electrolyte method and
localized tortuosity measurement, but one is solved in cylindrical geometry versus 1D Cartesian
geometry. The diagram of the circuit is displayed in Figure 5 from the publication by Pouraghajan
et al. [34].
Contour plots of MacMullin number of each electrode were generated using a self-developed
MATLAB program, assuming a linear variation of MacMullin number between adjacent test locations.

2.2.7

Probe calibration
To measure and calibrate the aperture probe impedance, the probe was programmed to

regularly measure the 10-layer silver membrane stack placed next to the sample (see Figure 2.5
(b)) during the electrode scan, using the same EIS measurement settings used for the electrode
measurement.

2.2.8

Electrode cross-section analysis
For R2+A, the impedance map was used to identify 2 locations of interest. The electrode

was rinsed and dried. Then these two spots on the calendered anode film were milled using a
broad ion beam (IB-19530CP JEOL cross-section polisher) for 4 hours at an ion beam voltage of 5
kV. ThermoScientific Apreo C scanning electrode microscope (SEM) was used to demonstrate the
particle and pore configuration of the milled cross-sections.

2.2.9

Average electronic conductivity measurement
The electronic conductivity of the sample films was determined using a micro-flexible sur-

face probe developed by Vogel et al. [31]. The technique can be considered an extension of 4-point
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Table 2.2: Definitions of Variables from Equation 2.1 to Equation 2.36
Variable
NM
r
z
τ
ε
σ
kint
k
φ1
φ2
i1
i2
zs
Rct
Qs
As
f
j
ro
ri
t
tf
α
G
∆V
Vaperture
I
p
ZExp

Definition
MacMullin Number
r axis of cylindrical coordinate system
z axis of cylindrical coordinate system
Tortuosity of battery electrode
Porosity of battery electrode
Effective electronic conductivity of porous electrode
Intrinsic ionic conductivity of electrolyte
Effective ionic conductivity of electrolyte in electrode
Electric potential of solid phase
Electric potential of liquid phase
Current density of solid phase
Current density of liquid phase
Impedance at electrode-electrolyte interface
Faradaic resistance
Constant phase element parameter
Constant phase element order
Alternating current frequency
Imaginary part of complex number
Outer radius of model geometry
Inner radius of model geometry (radius of the aperture)
Thickness of the porous sample
Thickness of the polyimide film
Anisotropy factor
Constant current density at aperture
Potential difference between aperture and current collector
Average potential at aperture
Amount of current from external power supply
Value of parameter
Experimental impedance value

probe methods and corrects for contact resistance between the probe and the sample film and for
the presence of a metallic current collector. Averages were made from measurements at 400 locations to account for spatial variation.
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2.3

Modeling
In order to obtain a MacMullin number from experimental data, an appropriate impedance

model is needed. This section describes the derivation of a 2-dimensional transmission-line model
(2D-TLM) using cylindrical coordinates. This model was then used, for both electrode samples
and silver membranes, to invert impedance spectrum data and obtain local MacMullin numbers.

2.3.1

2D transmission-line model
The impedance model is similar to the 1-dimensional transmission-line model (1D-TLM)

developed by Pouraghajan et al. [34]. However, for the local tortuosity measurement, a 2-dimensional
transmission-line model (2D-TLM) using the cylindrical coordinate system is more suitable than
the 1D-TLM. Figure 2.6 shows the geometry of the 2D-TLM. Because the electronic and ionic
potentials are independent of the azimuth, the model only needs to be solved in 2 dimensions, r
and z.
The governing equations for the conservation of electronic and ionic charge in the porous
electrode are
 2

∂ φ1 α ∂ φ1 ∂ 2 φ1
φ2 − φ1
0=σ α 2 +
+
+
2
∂r
r ∂r
∂z
zs

 2
φ1 − φ2
∂ φ2 α ∂ φ2 ∂ 2 φ2
+
+
0=k α 2 +
2
∂r
r ∂r
∂z
zs

(2.2)
(2.3)

where φ1 is the electronic potential, φ2 is the ionic potential, σ is the electronic conductivity, k is
the effective ionic conductivity, and zs is the charge-transfer impedance between the electronic and
ionic phases, and has units of Ω cm3 , meaning it is a volumetric impedance. The value of zs , a
complex number, is given by
zs =

1
1/Rct + Qs (2π f j)As

(2.4)

where Rct is the Faradaic resistance, Qs and As are constant phase element (CPE) parameters.
f is the frequency of the alternating current, and j represents the imaginary part of a complex
number. Even though the blocking-electrolyte is intended to eliminate Faradaic reaction [34], in
practice some side reactions show a minor effect on the impedance measurement. Thus, including
Faradaic resistance in the model helps data analysis. Additionally, α is an anisotropy factor that
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0
Figure 2.6: Schematic of the cylindrical model geometry and boundary conditions for the sample
films or silver membrane in the probe.

takes into account the difference in ionic transport in the r and z directions [8]. In order to make the
system of equations solvable, the same anisotropy factor is included in both the electronic and ionic
governing equations, which may not be accurate. However, in so far as σ >> k, this assumption
does not affect the model.
The equations for electronic (i1 ) and ionic (i2 ) current densities are:


α ∂∂φr1

i1 = −σ 

(2.5)



∂ φ2
α
i2 = −k  ∂ r 

(2.6)

∂ φ1
∂z

∂ φ2
∂z

Figure 2.6 shows the geometry and the boundaries of the model. At r = 0, the derivatives
of the potentials are zero in the r direction
∂ φ1
=0
∂r

(2.7)

∂ φ2
=0
∂r

(2.8)
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At r = ro , the potential gradient is zero due to the insulating boundary
∂ φ1
=0
∂r

(2.9)

∂ φ2
=0
∂r

(2.10)

In the case of electrode sample, a large value is chosen for ro (i.e. ro > 5ri ) such that it approximates
macroscopic distances. At the current collector (z = 0), the normal ionic current density is assumed
to be zero, and the electronic contact resistance between the current collector and electrode is
assumed to be negligible, meaning the solid-phase potential is fixed at the current collector. The
electronic potential at the current collector is set to 0V .
φ1 = 0


∂ φ2
i2 = −k
∂z

(2.11)

=0

(2.12)

A more detailed model was developed which included contact resistance, but, for the electrodes
included in this work, it was found that contact resistance effects were negligible. At the top of
electrode (z = t), there is no normal electronic current.

i1 = −σ

∂ φ1
∂z


=0

(2.13)

However, at the region contacting the aperture of the instrument, the normal ionic current density
is given by

i2 = −k

∂ φ2
∂z


=



0 for r > ri

(2.14)


G for r < ri

where ri is the radius of the probe aperture and G is an arbitrary constant current density value.
To increase the calculation speed of the model, the current density at the aperture (z = t, r < ri ) is
assumed to be a constant value, namely G. Such an assumption does not reflect the real current
distribution. However, compared with a numerical solution by COMSOL Multiphysics, where a

26

more realistic current distribution is imposed on the boundary, the analytical model with imperfect
assumption has only a small (< 2%) error when estimating the MacMullin number of an electrode.
By solving this system of differential equations analytically, we obtain the potential of solid
φ1 (r, z) and the potential of electrolyte φ2 (r, z) across the electrode (from the current collector to
the aperture boundary) expressed as a series expansion:
∞

φ1 (r, z) =

Cn

Dn
sinh(βn z)]
σ

(2.15)

Cn
Dn
cosh(βn z) − sinh(βn z)]
k
k

(2.16)

∑ J0(Ψnr)[Ancosh(λnz) + Bnsinh(λnz) + σ cosh(βnz) +

n=0
∞

φ2 (r, z) =

∑ J0(Ψnr)[Ancosh(λnz) + Bnsinh(λnz) −

n=0

where
U1,n
ro
√
λn = Ψn α
r
σ +k
βn = λn2 +
σ kzs
Ψn =

(2.17)
(2.18)
(2.19)

U1,n is the nth root when J1 (U1,n ) = 0. J1 is the Bessel function of type 1 and order 1, and J0 is
the Bessel function of type 1 and order 0. An , Bn , Cn , and Dn are spectral coefficients that can be
determined by applying boundary conditions and solving the system of equations below
0 = An +

0 = Bn λ n −
0 = An λn sinh(λnt) + Bn λn cosh(λnt) +

Cn
σ

(2.20)

Dn β n
k

(2.21)

Dn
Cn
βn sinh(βnt) + βn cosh(βnt)
σ
σ

(2.22)

ri J1 (Ψn ri ) 1 2 2
= ro J0 (Ψn ro )[An λn sinh(λnt) + Bn λn cosh(λnt)
−Ψk
2
Cn
Dn
− βn sinh(βnt) − βn cosh(βnt)]
k
k

(2.23)

The impedance Z is obtained as
Z=

Vaperture − 0
I
27

(2.24)

where Vaperture is found by taking the average value of φ2 at z = t and r < ri , and I is found by
integrating the total ionic current across the aperture. Zero is chosen as the electrical potential at
z = 0. Vaperture and I are calculated as follows
1
Vaperture = 2
πri

Z ri
0

φ2 (r,t) 2πr dr

I = πri2 G

(2.25)

(2.26)

The total impedance of the electrode can be expressed as the following series expansion:
2 ∞ J1 (Ψn ri )
Cn
Dn
Z= 3 ∑
[An cosh(λnt) + Bn sinh(λnt) − cosh(βnt) − sinh(βnt)]
k
k
πri n=0 Ψn

(2.27)

In the above expressions for Z, note that G cancels out and does not appear.
All the data in this study are analyzed using the complete model above (Equation 2.27).
However, to reduce the computation cost and increase the speed of data analysis, the model can be
greatly simplified by assuming a large electronic conductivity in the sample and silver membrane.
In the limit that σ >> k, the electronic potential in the electrode becomes constant (φ1 = 0). The
following simplified model was found to be satisfactory for the electrodes studied here.
Z=

∞
J12 (Ψn ri )
4
∑
πkri2 ro2 n=0 Ψ2n J02 (Ψn ro )βn tanh(βnt)

(2.28)

where
U1,n
ro
√
λn = Ψn α
r
Ψn =

βn =

λn2 +

1
kzs

(2.29)
(2.30)
(2.31)

In practical application, the sum of Equations 2.27 and 2.28 is truncated at 200 terms.

2.3.2

Nyquist plot illustration
Understanding the physical meaning of the Nyquist plot of the model is important for the

data inversion process. Figure 2.7 (a) shows representative Nyquist plots of the solution (Equation
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Figure 2.7: Representative Nyquist plots of models from 0.3 Hz to 4 kHz frequency. The vertical
dashed lines separate region I and region II discussed in the text. (a) 2D-TLM with three different
anisotropic factors (α). If α = 1, the porous media is isotropic. If α > 1, the tortuosity in rdirection is lower than that in z-direction, and vice-versa. (b) 1D-TLM compared to 2D-TLM
with different geometries. (c) The electrode impedance, the probe impedance, and the overall
impedance of a baseline case. To improve readability, the electrode and probe impedances are
offset horizontally by the aperture resistance to align with the overall case. The green arrows point
to the “elbow points” on the Nyquist plots as explained in the text.

2.27) with different anisotropy factor values. The Nyquist plots can be divided into two regions.
Region I, for which frequencies are large, represents the ionic current confined to the region directly
below the aperture. The impedance of region I is the ionic impedance in the z-direction. Region II,
which is for low frequencies, indicates current flow that spreads out laterally (in r-direction) and
thus is more sensitive to the anisotropic factor (α). To a lesser degree, and generally at even lower
frequencies, region II is also influenced by any Faradaic reaction. The elbow point between region
I and region II thus represents the frequency at which the current path starts expanding laterally.
To further demonstrate the ionic current expansion discussed above and to validate the
computation outcome of the model, the 2-D transmission-line model (2D-TLM) is compared with
the 1-D transmission-line model (1D-TLM). It is worth noting that region II of 1D-TLM, which is
a straight vertical line in case of blocking-electrolyte, strictly represents the large but non-infinite
Faradaic resistance, instead of lateral current expansion. By increasing the value of the inner
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𝛼 = 0.5

𝛼=1

𝛼=2
Figure 2.8: 2-dimensional current distributions with different anisotropic factor (α) value. Current pathways (lines) include contributions from both ionic and electronic transport mechanisms
and hence connect between the ionic current source and electronic current sink. The color scale
represents the electrochemical potential in electrode.

radius (ri ) towards the outer radius (ro ), the 2D-TLM behaves more like a 1D-TLM. As shown in
Figure 2.7 (b), when ri is increased, region II of the 2D-TLM becomes more vertical, which means
Faradaic resistance is emphasized over lateral current expansion. When ro = ri , the lateral current
expansion is eliminated in 2D-TLM, and the 2D-TLM converges to the 1D-TLM.
The impedance of both electrode and the probe that consists of 10 layers of silver membrane
can be expressed by Equations 2.27 and 2.28. Figure 2.7 (c) shows the relative contribution to
the overall impedance of a baseline case from the probe and the electrode sample. The probe
impedance is relatively small though non-negligible. The upper green arrow show the elbow point
on the overall impedance. The lower green arrow shows the same on the electrode impedance.
A key feature of the probe impedance is that it preserves and does not obscure the elbow point
(see reference 3). In this instance, the elbow points happen at the same frequency (1.6Hz) on both
Nyquist plots, which means that probe impedance does not disturb the process of estimating the
MacMullin number of electrodes.
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To visualize the effect of anisotropy, Figure 2.8 shows the impact of anisotropy on the
current distribution in the electrode. When α < 1, the vertical (axial) conductivity is higher than
the horizontal (radial) conductivity, and the current tends to have a more vertical direction compared to horizontal. Likewise, when α > 1, the horizontal conductivity is higher than the vertical
conductivity, and the current tends to spread more horizontally.

2.3.3

Impedance data inversion
The 2D transmission-line model developed above represents only the impedance in the

porous media. However, as shown in Figure 2.7 (c) and Equation 2.32, the overall impedance
consists of the electrode impedance, the probe impedance (i.e. the silver membrane layers), and
the resistance of the aperture:
ZOverall = ZProbe + ZAperture + ZElectrode

(2.32)

The form of the 2D-TLM solution (Equation 2.27 or 2.28 in this study) is used for both ZProbe and
ZElectrode . The value of ZAperture is calculated as for a 1D resistance
ZAperture =

tf
kint πri2

(2.33)

where t f is the thickness of the aperture, and kint is intrinsic electrolyte conductivity. To isolate
ZElectrode , ZProbe was calibrated during the experiments.
Each impedance spectrum was inverted into a MacMullin number through a least squares
fit, by varying five parameters (MacMullin number, Faradaic resistance, constant phase element
(CPE) parameters, and anisotropy factor) to minimize the objective function
F=

(|ZExp − ZOverall |)2
∑
|ZExp |2
n=1

(2.34)

where ZExp is the experimental impedance at a particular frequency. In this study, each regression
between model and experiment includes 25 data points with frequency values that follow logarithmic distribution from 0.3 Hz to 4 kHz.
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Figure 2.9: (a) The model and the experiment of the probe calibration test. (b) The model and the
experiment of the electrode measurement. The Nyquist plots in (a) and (b) cover the frequency
spectrum from 4 kHz (left of the plot) to 0.3 Hz (right of the plot).

In case of probe calibration, the properties of the probe can be obtained by a least squares
fit, using the objective function (Equation 2.34), where ZElectrode = ZProbe , meaning a symmetric
geometry of a 10-layer silver membrane stack is located on both sides of the aperture. As shown
in Figure 2.9 (a), the model satisfactorily fit the experimental data, with in this case a root mean
square relative error of about 3 · 10−6 , meaning that the parameters of the probe are accurately
calibrated. The MacMullin number of the silver membrane is approximately 3.
After determining the probe impedance and the ionic resistance of the aperture, the MacMullin number of the electrode can be obtained through least squares fit, using Equation 2.34.
Figure 2.9 (b) shows for a representative case that the overall impedance model and the experiment data have a satisfactory fit.
We observed some confounding between parameters in the regression model, meaning results were sensitive to guess values in some cases. To minimize this effect, 12 different sets of
model parameter guess values were used for each experimental Nyquist plot, meaning the regression was repeated 12 times. The final parameter values were obtained by calculating a weighted
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average of the best fit parameters obtained from different starting points according to
pfinal =

∑12
i=1 wi pi
∑12
i=1 wi

(2.35)

where pi is the value of certain parameter from regression i, pfinal is the ultimate value of the
parameter after computing weighted average, and wi is the weight from each regression:


Fi
wi = exp −2
Fmin

(2.36)

where Fi is the sum of squared error, defined by Equation 2.34, for regression i, Fmin is the smallest
value of Fi among these 12 regressions. The particular form of Equation 2.36 was determined
empirically and serves to give greater weight to the parameter values that yield the smallest error.

2.4
2.4.1

Results and discussion
Validation of experiment technique
To establish that the aperture probe can distinguish between and accurately measure the

tortuosity of different electrodes, we compare the mean value of local MacMullin number and the
benchmark MacMullin number obtained from pouch cell measurements. We used the aperture
probe to measure the local MacMullin numbers of 7 electrodes by scanning with 1 mm spacing
between each location. The total number of locations tested was about 400 on each electrode,
except for R2-A and R2-C that had 1440 measured locations. Because local MacMullin numbers
are equivalent to resistances of ionic transport in a parallel configuration, the average MacMullin
number of each piece of electrode was obtained by calculating the harmonic mean of all the local
MacMullin numbers.
Benchmark values and the average local values for the MacMullin number are shown side
by side in Figure 2.10. The results show reasonable agreement between the two methods considering the differences in data collection between the two methods. After conducting a pooled 2 sample
t-test, we found out that all of the samples, except for AC006 Piece 1 and R2-A, have a statistical
agreement between the two measurement methods at a 95 % confidence interval. The results show
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Figure 2.10: Comparison between the benchmark MacMullin numbers from the pouch cell measurements and the average MacMullin numbers from the local tortuosity measurements (1 mm
scan). The error bars represent the 95 % confidence interval of repeated measurements.

that the aperture probe can detect the difference between electrodes in terms of MacMullin number
and estimate the average MacMullin number of the electrodes.
In our experience, cathodes do not usually have a higher MacMullin number than anodes.
However, due to the relative porosities of the electrodes in our data set, HQ LCO and R2+C showed
MacMullin numbers larger than AA005 and R2-A.

2.4.2

Verification of repeatability of measurements
Two electrodes, piece 2 of AC006 and piece 1 of R2+A (in the following discussion,

‘AC006’ and ‘R2+A’ will be used to specifically refer to these two pieces of electrode), were
chosen to conduct further investigations because these two electrodes have compositions of commercial and research interest.
To verify the repeatability of the aperture probe measurements, we used the probe to scan a
4 by 4 grid of points in the middle of AC006 and R2+A with 2 mm spacing between each point (see
Figure 2.11 (a)). This 16-point scan was repeated 20 times for each electrode, meaning that each
location was sampled 20 times. The average MacMullin numbers of repeated locations, together
with the 95 % confidence intervals, are displayed in Figure 2.11 (b).
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Figure 2.11: (a) Relative sampling locations on each electrode film. The grid spacing is 2 mm. (b)
MacMullin number and 95 % confidence interval at grid location for R2+ anode (top series) and
for AC006 (bottom series).

It is clear from Figure 2.11 (b) that the uncertainty of the aperture probe measurements and
the uncertainty of the data inversion are, in general, less than the variation from one location to
another on the electrode. This implies that seemingly anomalous conductivity at some locations,
such as at position 16 for AC006 and at position 1 for R2+A must be due to a material difference at
that location because the repeated (descend and lift off) measurements at that location are consistent and do not exhibit greater-than-expected variation. For both AC006 and R2+A, the confidence
intervals of each tested location are similar to each other (about 0.1 to 0.2). The area tested on
AC006 has a higher spatial variation of MacMullin number than that on R2+A.
Additional tests were done to check for repeatability. We re-scanned AC006 and R2+A,
with grid spacing 2 mm and then, for a smaller region in the center, with grid spacing 0.5 mm.
Figure 2.12 compares side-by-side the resulting 2-mm, 1-mm, and 0.5-mm maps. For each electrode, by comparing the 1-mm map with the 2-mm map, a similar pattern of MacMullin number
distribution can be identified. For example, the high-MacMullin number region on the lower-right
of R2+A is displayed in both maps.
The 0.5-mm maps were generated to further investigate the spatial variation of MacMullin
number. Figure 2.12 (C) shows that, for AC006, by increasing the resolution of the scan, more
spatial variation can be revealed. However, increasing the resolution of electrode scan does not
reveal more detailed spatial variation for R2+A (see Figure 9 (f)), suggesting that R2+A has a
larger size scale for heterogeneity in MacMullin number than AC006 does. Comparing Figure
2.12 (b) with (e), R2+A further shows a larger length scale of MacMullin number variation than
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.12: Contour maps of MacMullin numbers for AC006 (a-c) and for R2+ anode (d-f). The
two maps in the left ((a) and (d)) are from the 2 mm scan. The two maps in the middle ((b) and
(e)) are from the 1 mm scan. The two maps in the right ((c) and (f)) are from the 0.5 mm scan in
the middle of the electrodes (in the red square of (b) and (e)). The dots on the plots represent the
location where the data were collected.

for AC006. It is also worth-noting that the probe has a resolution limitation of (400 µm), and
an electrode scan with resolution lower than 400 µm will not reveal further detail. Therefore, a
smaller aperture size may be required according to the research need.
To quantitatively validate the repeatability of the aperture probe, we generated parity plots
(Figure 2.13) for each electrode to compare the MacMullin numbers at the corresponding locations
from the 2 mm scan and the 1 mm scan. As shown, the MacMullin numbers from the two repeated
measurements have linear correlation coefficients (i.e. R2 ) that suggest a mix of repeatability and
noise. One of the possible reasons for reduced repeatability is slight positional inaccuracy (i.e.
offset of measurement locations) from one scan to the next due to the relatively large scanned
areas.
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Figure 2.13: Parity plots based on the MacMullin number values collected from repeated electrode
scans for (a) AC006 and for (b) R2+A.
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Figure 2.14: The ratio of standard deviation and average MacMullin number of each electrode
measured in this research.

2.4.3

Battery electrode heterogeneity study
The degree of heterogeneity of battery electrodes is of great interest to understand the

causes of lithium plating. We used the ratio of the standard deviation to the average MacMullin
number to quantify heterogeneity of a given electrode and length scale of sampling.
Figure 2.14 shows that the ratio varies significantly from one electrode to the other, suggesting that under the same length scale, the degree of heterogeneity is different from one electrode to
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Figure 2.15: Frequency distribution of the MacMullin numbers from 1 mm scan for AC006 and
R2+A.

the other. Even though the two pieces of AC006 had similar average MacMullin numbers (Figure
2.10), they have substantially different heterogeneity metrics (Figure 2.14).
Another approach to study electrode heterogeneity is through frequency distribution in
terms of MacMullin number. Figure 2.15 shows two frequency distribution plots of MacMullin
numbers for AC006 and R2+A. As shown, R2+A has a longer tail toward higher MacMullin number, which suggests that there are some spots on R2+A that have substantially higher MacMullin
number and therefore poor ionic access. Spots that have higher MacMullin numbers should a have
higher tendency for plating, though future work is needed to determine the correlation between the
MacMullin number and local lithium plating.
Figure 2.16 shows the MacMullin number maps of the other samples tested in this study.
The average, frequency distribution, and heterogeneity length scale of each electrode can be observed from these maps.

2.4.4

MacMullin number and morphology of electrode
To verify the correlation between the MacMullin number and the morphology of the elec-

trode, two SEM images of the cross-section of R2+A from different locations are shown in Figure
2.17. The cross-section at the location with low MacMullin number (Figure 2.17 (a)) has larger
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AA006 Piece 1

R2+C Piece 2

R2+C Piece 1

AA005 Piece 1

R2-A

R2-C

R2+A Piece 2

Figure 2.16: 1 mm scan maps (left) and frequency distribution plots (right) of several the electrodes
tested in this study. The MacMullin number scale is represented by color bars. The numbers beside
the color bar are MacMullin numbers that mark both the color bars and the frequency distribution
plots. The size of samples is reflected by the axis.
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(a)

50μm
(b)

50μm

Figure 2.17: SEM images (right) of the cross-section of R2+A from two different locations indicated in the contour map (left).

pore sizes and a clear percolation passing across the thickness of the electrode. The pores at the
high MacMullin number location (Figure 2.17 (b)) are smaller with a less-obvious percolation
pathway observed at that location. Therefore, the particle-level morphology of the electrode confirms the variable ionic transport. Observed by means of the aperture probe, heterogeneity cannot
be observed through the naked eye.

2.4.5

Effect of anisotropy on data inversion
Anisotropy describes properties that depend on spatial orientation. The existence of anisotropy

in electrodes has been observed by Ebner et.al. [8]. As is explained in the previous section, an
anisotropy factor (α) is included in the 2D-TLM to describe the difference between vertical MacMullin number and lateral MacMullin number and to help with the curve fit at the low-frequency
region, which is the region II in Figure 2.7 (a).
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Figure 2.18: MacMullin number values inverted from 10 impedance spectra of R2+A and AC006
for different assumed anisotropy values (α) and for when anisotropy value acts as a fitting parameter that varies, dependent on locations, from 1.4 to 2.1 for R2+A and from 0.16 to 0.86 for AC006.
Lines between points are to guide eye.

Even though the scope of this study focuses on vertical MacMullin number as the more
relevant parameter for cell performance, and the degree of anisotropy is not fully understood yet,
the aperture probe can still give an indication of anisotropy. For example, for R2+A, the anisotropy
values obtained from data inversion are usually larger than one, which means that the lateral tortuosity is probably lower than vertical tortuosity. For AC006, the anisotropy values obtained from
data inversion are usually lower than one, which means that the lateral tortuosity is probably higher
than vertical tortuosity.
It is also interesting to examine if the anisotropy parameter (α) confounds with other parameters, especially the vertical MacMullin number. As shown in Figure 2.18, by constraining the
anisotropy factor to a particular value, the resulting fitted average MacMullin number is slightly
changed, but the relative order of MacMullin number between pairs of locations is not altered.
Also shown in the figure are the results for a full fit in which α is not constrained. This result
suggests that some uncertainty in anisotropy factor does not substantially change the pattern of
MacMullin number map for electrodes.
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To summarize, the localized ionic conductivity measurement method is modestly sensitive
to anisotropy. Whether this method can be used to accurately determine anisotropy requires further
investigation.

2.4.6

Correlations between fitting parameters
To make sure that the MacMullin number does not confound with other fitting parameters,

Pearson correlation coefficients between MacMullin number and other fitting parameters were
calculated with the same weighting scheme as previously discussed, one such result is shown for
a characteristic location on AC006 in Table 2.3. It shows that the correlation between MacMullin
number and other fitting parameters is negligible (between −0.3 and 0.3), which means that the
MacMullin number can be determined relatively independently. Compared to the average value
for this location (6.46), the variance of MacMullin number was small (4.19 · 10−5 ), which means
the MacMullin number was well-converged.
Table 2.3: Pearson correlation coefficients between MacMullin number and other fitting parameters.For a characteristic location on AC006
Parameter pair
R2
NM , Qs
7.43 · 10−3
NM , As
1.15 · 10−1
NM , Rct
−7.55 · 10−2
NM , α
−6.75 · 10−2

2.4.7

Comparison between the complex and simplified model
In this study, all the experiment data were analyzed using the complete model (Equation

2.27). However, to accelerate data processing, the simplified model (Equation 2.28) is recommended. For our Python code, the speed-up factor was around 10. The simplified model is based
on the assumption that σ >> k, and when σ > 10k, the two models generated essentially the same
impedance plot for the cases tested here. To compare the outcome of data analysis of these two
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models, we used these two models to separately analyze 100 experiment data files of AC006. The
electrolyte used for experiments has a conductivity of about 500 µS/cm, and AC006 has electronic conductivity on average 25 mS/cm, which is 50 times higher than that of electrolyte. The
two models yielded average MacMullin numbers with less than 2% difference, meaning that the
simplified model generates an error smaller than the uncertainty given in Figure 2.10. As for anodes, the electronic conductivity is about 1000 to 3000 mS/cm, which is 5000 times higher than
the conductivity of electrolyte, so the simplified model is also widely applicable to the anodes.

2.5

Conclusion
An aperture probe for measuring localized ionic transport has been designed, fabricated,

and tested. An automated fixture coupled with robust measurement protocols allows accurate,
repeatable measurements to be taken. The ability of the aperture probe, when combined with
a 2-dimensional transmission-line model to quantify the MacMullin number, has been validated
through comparison with previously developed techniques [34].
The local MacMullin numbers of five commercial-quality electrodes were measured and
spatially characterized using the aperture probe. These results confirm that significant heterogeneity of MacMullin number exists in the electrodes, and that the degree of heterogeneity varies from
one electrode to the other. Electrodes with a more drastic variation in MacMullin number need to
be scanned with higher resolution in order to better understand those systems. In future work, the
size of the aperture could be adapted as needed for this and other applications.
The local MacMullin number measurement technique will be of aid to battery manufacturers and researchers to better identify and remedy sources of heterogeneity and electrode quality
control issues that are not obvious with other techniques.
A planned avenue for future exploration is to compare localized ionic transport with localized electronic transport [31] or other properties such as state of charge or state of health.
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CHAPTER 3.
IMPEDANCE BEHAVIOR OF DUAL-LAYER ANODE AND TRANSMISSIONLINE MODEL

3.1

Introduction
Batteries that have a high energy density are desired in the electric vehicle and the energy

storage markets. One of the most effective ways to increase the energy density is to increase the
thickness of the electrode. Increasing the thickness of the electrode increases the active material
mass loading and decreases the inactive material mass fraction, such as the current-collector mass
fraction [92–94]. A thick electrode can have a high energy density but may impede mass transport,
the diffusion of Li-ions, which can hinder the ionic current penetration and utilization of active
material deep inside the thick electrode at high charge and discharge rates [94–99]. The results of
a simulation conducted by Gallagher et al. [100] show that the areal capacity of an electrode starts
decreasing at a critical C-rate and that the critical C-rate decreases as the thickness of the electrode
increases. Therefore, without addressing the mass transport issue, the effective energy density of
an electrode will not increase linearly with the thickness of the electrode.
Increasing the porosity of the electrode can improve the mass transport, but increasing
porosity too much can lead to an inferior mechanical strength of the electrode and decreases active
material loading [101, 102]. Therefore, to optimize the energy density of porous electrodes, one
must consider both electrode porosity and thickness.
Researchers have adopted various approaches to improve mass transport by engineering the
microstructure of electrodes [101–106]. Sun et al. [103] constructed 3D-printed thick electrodes
by using nanocomponent-based hybrid ink. Their 3D-printed thick electrodes demonstrated muchimproved ionic transport and cycling performance. Park et al. [106] produced a laser-structured
NMC cathode. Compared to unstructured conventional electrodes, the laser-structured cathode
improved power and energy densities, which resulted from the improved lithium-ion diffusivity
and reduced cell polarization.
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Figure 3.1: Illustration of the ionic current density and the electronic current density as a function
of relative position in the electrode.

Another way to improve the mass transport without reducing the thickness of the electrode
is to develop electrodes with gradient porosity [23–28], meaning the porosity of an electrode decreases from the separator to the current-collector side of the electrode. As is shown in Figure 3.1,
the ionic current density is generally higher than the electronic current density near the separator
side of the electrode. Such gradient porosity design has an enhanced ionic mass transport near the
separator side of the electrode, which increases the active material utilization inside the thick electrode, and does not reduce the active material density at the current-collector side of the electrode.
Similarly, near the current-collector side of the electrode, the electronic current density is higher
than the ionic current density, thus a better electronic conductivity is needed to favor the electronic
conduction in the electrode. Yari et al. [107] pointed out that at the current-collector side of the
electrode, the limiting factor of electrode performance is the electronic conductivity and that the
carbon layer of the electrode coating should be increased close to the current-collector.
Even though fabricating an electrode with a linear porosity gradient is still challenging,
researchers have been trying to produce multi-layer electrodes with a different porosity in each
layer. Jiang et al. [23] designed and prepared porous electrodes with a gradient distribution in
pores for vanadium redox flow batteries. Such a design enhanced the mass transport and main-
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Figure 3.2: Illustration of (a) 1-dimensional and (b) 2-dimensional ionic current distributions. Current pathways (lines) include contributions from both ionic and electronic transport mechanisms
and hence connect between the ionic current source and electronic current sink. The color scale
represents the electrochemical potential in electrode.

tained the active surface area for charge-transfer reactions. The results of Jiang’s study show that
a gradient electrode design increased the discharge capacity by 69% compared to a conventional
electrode design and that the battery with gradient electrodes demonstrated good cycling stability. Deng et al. [24] constructed gradient porous lithium-titanium-oxide electrodes that delivered
high capacities (150 mAh/g at 1C discharge) and observed no significant ohmic drop after 40
cycles. Song et al. [25] prepared a dual-layered nickel-cobalt-aluminum cathode where one layer
was fabricated using doctor-blade coating and the other was fabricated using electrostatic spinning,
resulting in each layer having a different porosity distribution. This structure was found to better
infiltrate electrolytes, decrease polarization, and increase the utilization of active materials in the
thick electrode.
In this research work, we focus on the ionic transport of dual-layer anodes. The ionic transport is affected by the microstructure and is quantified by MacMullin number. To directly measure
the MacMullin number of porous electrodes, a common technique is to measure the impedance
of electrodes and invert the impedance data with a transmission-line model [13, 15, 60, 108]. Previously, our research group refined the blocking-electrolyte method [34] to quantify MacMullin
number. The blocking-electrolyte method requires making a symmetric pouch cell with a specific electrolyte and measuring the AC impedance of the pouch cell. Then, the impedance data
is inverted by a 1-dimensional transmission-line model to obtain the MacMullin number. The
1-dimensional transmission-line model is used because the ionic currents in the pouch cell are
assumed to be uniform and in the through-plane direction (see Figure 3.2 (a)).
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Figure 3.3: SEM image of the dual-layer anode. The sample was provided by Argonne National
Laboratory. The cross-section was milled using a broad ion beam.

Based on the same principle as the blocking-electrolyte method, we developed a technique
called the aperture probe method to conduct the localized MacMullin number measurement at
millimeter length scale [35]. During the localized measurement, the current is confined by the
aperture to a small area on the separator side of the electrode. Then, a 2-dimensional transmissionline model is used to invert the impedance data and obtain the MacMullin number in the vicinity of
the probe. The 2-dimensional transmission-line model takes ionic currents in both through-plane
and in-plane directions into account, and an anisotropic factor is included in the 2-dimensional
transmission-line model to account for the difference of ionic currents in different directions (see
Figure 3.2 (b)).
The objective of this work is to develop and test a method to estimate the MacMullin number in each layer of dual-layer anodes. If accurately determined, the mass transport information
can be implemented in a Newman type model to study the cycling performance of that electrode.
This method can also help electrode manufacturers examine the outcome of efforts to improve
ionic transport close to the separator.
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To study the impedance behavior of dual-layer anodes, we used the 1D and localized 2D
methods above to measure the impedance of dual-layer anodes fabricated by Argonne National
Laboratory (ANL) and EnPower Inc. Figure 3.3 shows an SEM image of the cross-section of the
ANL dual-layer anode. The particles in the separator layer are smaller in size than those in the
current-collector layer. Since the two layers are distinct in terms of microstructure, we assumed
that the electrochemical properties are different between layers and uniform within each layer.
To estimate the MacMullin number in each layer of the dual-layer anode, we need to expand
the transmission-line models (the 1D and 2D versions) based on the cross-section analysis of the
dual-layer anode. The resulting transmission-line models will take properties of each layer of
the electrode into consideration. The models will fit to the impedance data by varying the model
parameters, including MacMullin numbers. While the earlier experiments and models were found
to be sufficient to determine needed parameters, we must consider the possibility that the duallayer work here may not provide enough information to uniquely determine each parameter value.
Specifically, the dual-layer transmission-line model has an increased number of fitting parameters,
which increases the degrees of freedom and makes confounding between parameters a greater
possibility.
To verify whether the enhanced transmission-line models can accurately determine the
electrochemical properties of dual-layer electrodes, we used these models to invert the impedance
spectra generated from virtual experiments, in which all the properties were known. The virtual experiments were conducted by Newman-type 1D and 2D cell simulations using COMSOL
Multiphysics. The benefit of virtual experiment is that we can control all the parameters of the
impedance measurement and compare the actual MacMullin numbers with the estimated values.
Furthermore, to overcome confounding variable effects while estimating the MacMullin
numbers of the dual-layer anode sample, we conducted localized impedance measurement using
aperture probes with different aperture sizes. It was found that estimates of MacMullin number can
be improved when we simultaneously analyzed the impedance data collected from two different
aperture sizes. Another experiment to improve reliability was to delaminate an electrode from its
current collector, flip it, and retest it.
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Table 3.1: Definitions of variables used in Chapter 3. The subscript “ϒ” can be substituted by L or
U to indicate upper or lower layer respectively.
Variable
NMϒ
r
z
kϒ
φ2ϒ
i2ϒ
zsϒ
Rctϒ
Qsϒ
εsϒ
Asϒ
f
j
ro
ri
t
αϒ
G
Vaperture
I
p
δ
tf
kint

Definition
MacMullin Number
r axis of cylindrical coordinate system
z axis of cylindrical coordinate system
Effective ionic conductivity of electrolyte in electrode
Electric potential of liquid phase
Current density of liquid phase
Impedance at electrode-electrolyte interface
Faradaic resistance
Constant phase element parameter
Porosity of electrode
Constant phase element order
Alternating current frequency
Imaginary part of complex number
Outer radius of model geometry
Inner radius of model geometry (radius of the aperture)
Thickness of the porous electrode
Anisotropy factor
Constant current density at aperture
Average potential at aperture
Amount of current from external power supply
Value of parameter
Ratio of lower layer thickness to total layer electrode thickness
Thickness of the polyimide film
Intrinsic ionic conductivity of electrolyte

The remaining portion of this study includes the details of the virtual experiment, the development of the enhanced transmission-line model, the procedure of the dual-layer anode impedance
measurement, and the discussion of the research results.
In this study, when we discuss the experimental samples, we denote the intact electrode
coating layer close to the current-collector as the current-collector layer and the other layer as the
separator layer (see Figure 3.3) so that the indication of electrode layers is clear and consistent
even if the sample is delaminated and flipped. In the discussion about the virtual experiment and
the analytical model, we denote the electrode layer close to the aperture or separator as the upper
layer and the other layer as the lower layer (see Figure 3.4).
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3.2

Model development
Because dual-layer electrodes have two layers with different MacMullin numbers in each

layer, an enhanced transmission-line model is needed to estimate the MacMullin number in each
layer. This section describes the derivation of 1-dimensional and 2-dimensional transmission-line
models with a step function in the profile of electrode properties, i.e. the electrode is divided into
two layers, each of which is homogeneous. The 2D model can be converted into 1D model by
making the aperture radius (ri ) equal to the outer boundary radius (ro )
These models were then used to invert impedance spectra and obtain the local MacMullin
number in each layer. In this research, the MacMullin number profile is expressed as
NM = (NMU : NML )

(3.1)

where NMU is the MacMullin number in the upper layer (close to the aperture), and NML is the
MacMullin number in the lower layer (close to the current-collector).
To distinguish the two types of 2D transmission-line models, we name the 2D transmissionline model developed in previous publication [35] the single-layer 2D transmission-line model
(single-layer 2D TLM), and we name the 2D transmission-line model with step-function configuration the dual-layer 2D transmission-line model (dual-layer 2D TLM). The same notation is also
applied to 1D transmission-line models.
Following the development of the dual-layer transmission-line model, the data inversion
procedures for both the practical and virtual experiments are presented. Table 3.1 displays the
variables used in the model.

3.2.1

Dual-layer transmission-line model development
The impedance model is similar to the one developed in the previous publication [35], using

the cylindrical coordinate system (see Figure 3.4). To reduce the computation cost and increase the
speed of the impedance data inversion, we assumed a large electronic conductivity in the sample.
In the limit that σ >> k, the electronic potential in the electrode becomes constant (φ1 = 0) for
both upper and lower layers. Given that the ionic potential is independent of the azimuth, the
model only needs to be solved in 2 dimensions, r and z.
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Upper Layer (U)
Lower Layer (L)
0
Figure 3.4: Model geometry of the 2D transmission-line model with different properties at two
layers (not to scale). δ is the ratio of the lower layer thickness to the total thickness of the electrode.

The governing equation for the conservation of ionic charge in layer ϒ of the porous electrode is


0 − φ2ϒ
∂ 2 φ2ϒ αϒ ∂ φ2ϒ ∂ 2 φ2ϒ
+
+
=0
+
kϒ αϒ
2
2
∂r
r ∂r
∂z
zsϒ

(3.2)

where kϒ is effective ionic conductivity of electrolyte in the layer and φ2ϒ is the ionic potential.
αϒ is the anisotropic factor, which is the ratio of ionic transport in the radial direction to the axial
direction. zsϒ is the complex charge-transfer impedance between the electronic and ionic phases
(units Ω · cm3 ):
zsϒ =

1
1/Rctϒ + Qsϒ (2π f j)Asϒ

(3.3)

where Rctϒ is the Faradaic resistance and Qsϒ and Asϒ are constant-phase-element parameters. f
is the frequency of alternating current and j represents imaginary part of the complex number.
The aperture probe measurement procedure is the same as described in reference [35], thus the
blocking-electrolyte, which is intended to eliminate Faradaic reaction [34], is still used in this
study. However, the Faradaic resistances are still included in the model to take the minor effect of
side reactions into account.
The equation for the ionic current vector is:


αϒ ∂∂φr2ϒ

i2ϒ = −kϒ 
∂ φ2ϒ
∂z
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(3.4)

Figure 3.4 shows the geometry and the boundaries of the model. At r = 0,
∂ φ2ϒ
=0
∂r

(3.5)

∂ φ2ϒ
=0
∂r

(3.6)

At r = ro is an insulating boundary:

As for the electrode sample, as opposed to the probe itself, a large value is chosen for the outer
radius ro (i.e. ro > 5ri ) such that it approximates macroscopic distances.
At the current-collector (z = 0), the normal ionic current density is assumed to be zero for
the lower layer

i2L = −kL

∂ φ2L
∂z


=0

(3.7)

At the top of the electrode (z = t), where the electrode is in contact with the aperture probe,
the normal ionic current density is given by


i2U = −kU

∂ φ2U
∂z


=



0 for r > ri

(3.8)


G for r < ri

where ri is the radius of the probe aperture and G is an arbitrary constant current density value. It
has been proved in the previous publication [35] that, compared with a virtual experiment generated
by COMSOL Multiphysics, where a more realistic current distribution is imposed on the boundary,
the analytical model with constant current density assumption has only a small (< 2%) error when
estimating the MacMullin number of an electrode. Therefore, the current density at the aperture
(z = t, r < ri ) is still assumed to be a constant value, namely G, in this study.
At the boundary between the upper layer and the lower layer (z = δ · t), there is continuity
in electrolyte potentials and normal currents:
φ2U = φ2L

− kU

∂ φ2U
∂ φ2L
= −kL
∂z
∂z
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(3.9)

(3.10)

By solving this system of differential equations analytically, we obtain the potential of the
electrolyte in the upper and lower layers
∞

φ2U (r, z) =

∑ J0(Ψnr) [AnU sinh(βnU (z − δt)) + BnU cosh(βnU (z − δt))]

(3.11)

n=0

∞

φ2L (r, z) =

∑ J0(Ψnr) [AnL sinh(βnL z) + BnL cosh(βnL z)]

(3.12)

n=0

where eigenvalues are given by
U1,n
,
ro
√
λnϒ = Ψn αϒ
r
2 + 1 ,
βnϒ = λnϒ
kϒ zsϒ
Ψn =

(3.13)
(3.14)
(3.15)

U1,n is the nth root when J1 (U1,n ) = 0. J1 is the Bessel function of type 1 and order 1 and J0 is the
Bessel function of type 1 and order 0.
By applying boundary conditions, the spectral coefficients(AnU , BnU , AnL , and BnL ) can be
calculated analytically as below
AnU =

BnL =

kL BnL βnL sinh(βnL δt)
kU βnU

(3.16)

BnU = BnL cosh(βnL δt)

(3.17)

AnL = 0

(3.18)

2ri J1 (ΨnU ri )

k
β
sinh(β
δt)cosh(β
(1
−
δ
)t)
L
nL
nL
nU
2
−ΨnU ro2 J0 (ΨnU ro )
+ kU βnU cosh(βnL δt)sinh(βnU (1 − δ )t)


(3.19)

The impedance Z of the electrode is obtained as
Z=

Vaperture − 0
I
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(3.20)

Vaperture is found by taking the average value of φ2U at z = t and r < ri :
Vaperture =

1
πri2

Z ri
0

φ2U (r,t) 2πr dr

(3.21)

zero is chosen as the electrical potential at z = 0. I is found by integrating the total ionic current
across the aperture:
I = πri2 G

(3.22)

Combining these equations, the total impedance of the electrode can be expressed as a series
expansion:
Z=

2 ∞ Ji (ΨnU ri )
[AnU sinh(βnU (1 − δ )t) + BnU cosh(βnU (1 − δ )t)]
∑
πri3 n=0 ΨnU

(3.23)

In the above expression for Z, note that G cancels out and does not appear. In practice, the sum
of Equation 3.23 was truncated at 200 terms. Again, note that the dual-layer 2D transmission-line
model can also be used as a 1D model (dual-layer 1D TLM) by making ro = ri .

3.2.2

Validation of dual-layer transmission-line models
To verify the accuracy of the dual-layer 2D TLM, we compared the Nyquist plot of the dual-

layer 2D TLM with a COMSOL version of the model. Both the 2D COMSOL model and the duallayer 2D TLM use the same parameter values. As shown in Figure 3.5 (a), the impedance spectra
of the dual-layer 2D TLM are consistent with those of the COMSOL model, which demonstrates
the correct implementation of the dual-layer 2D TLM computation. Likewise, we compared the
transmission-line model developed by Pouraghajan et al. [34] (single-layer 1D TLM) with the duallayer 1D TLM. Figure 3.5 (c) shows that the two 1D transmission-line models are comparable.

3.2.3

Overall impedance
The dual-layer 2D TLM developed in this chapter represents only the impedance of the

dual-layer electrode. The overall impedance of the MacMullin number measurement cell consists
of the electrode impedance, the probe impedance (silver membranes inside the probe), and the

55

2D virtual experiment, Nm = (5:2)
Dual-layer 2D TLM, Nm = (5:2)
2D virtual experiment, Nm = (5:5)
Dual-layer 2D TLM, Nm = (5:5)
2D virtual experiment, Nm = (5:10)
Dual-layer 2D TLM, Nm = (5:10)

140
-Im(z) (kOhm)

120
100
80
60

Single-layer 1D TLM
Dual-layer 1D TLM

2000
1750
-Im(z) (kOhm)

160

1500
1250
1000

40

750
500

20
00

20

40 60 80
Re(z) (kOhm)

250
(a)
100 120 00

(b)
50

100
150
Re(z) (kOhm)

200

Figure 3.5: (a) Impedance spectra of the dual-layer 2D TLM and virtual experiment, demonstrating
the impact of MacMullin number in the lower layer of electrode. (b) Comparison between the
single-layer 1D TLM and the dual-layer 1D TLM.

resistance of the aperture or separator region
Z2DMod = ZProbe + ZAperture + ZElectrode

(3.24)

where the expressions for ZProbe and ZElectrode can come from Equation 3.23. In the case of the
silver membrane probe, parameters are given in reference [35]. The value of ZAperture is calculated
as for a 1D resistance
ZAperture =

tf
kint πri2

(3.25)

where t f is the thickness of the aperture, and kint is intrinsic electrolyte conductivity.
When analyzing the 1D symmetric pouch cell experiment, Equation 3.24 becomes [34]
Z1DMod = ZSep + 2 · ZElectrode

(3.26)

where ZSep is the resistance of the electrolyte in the separator, and ZElectrode is in form of Equation
3.23 with ro = ri .
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3.3

Data inversion
To determine unknown electrode parameters, including MacMullin number of the layers,

we matched the analytical models to the corresponding experimental impedances (including virtual
experiments, see below). Two of the difficulties in this effort are the confounding relationships
between the parameters and the possibly multiple local minima in the objective function across the
parameter space. To overcome these difficulties, we employed multiple techniques. A least-square
fit is an efficient way to find the local minimum in the objective function. The fit or inversion
process was augmented by repeating it several times with different guess values to ensure that the
overall minimum is identified. However, when the results still appear less accurate than desired
based on the chosen guess parameters, we adopted the simulated annealing technique to find the
global minimum region.

3.3.1

Scaled least-square fit
When using a least-square fit, each impedance spectrum was inverted (i.e. unknown model-

ing parameters including MacMullin number are determined) by minimizing the objective function
F =∑
n

(|ZExp,n − ZMod,n |)2
|ZExp,n |2

(3.27)

where subscript n indicates an experimental or modeling point from the impedance spectrum at a
particular frequency and the sum is over all frequency points.
Each regression between the model and experiment includes 25 data points with frequency
values that follow a logarithmic distribution from 0.3 Hz to 4 kHz. To decrease the confounding
between parameters in the regression analysis, a maximum-likelihood-type technique was employed. Twelve different sets of model parameter guess values were used for each experimental
spectrum, meaning the regression was repeated 12 times. The final parameter values were obtained
by calculating a weighted average of the best fit parameters obtained from different starting points
according to
pfinal =

∑12
i=1 wi pi
∑12
i=1 wi
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(3.28)

where pi is the value of certain parameter from regression i, pfinal is the ultimate value of the
parameter after computing weighted average, and wi is the weight from each regression:


Fi
wi = exp −2
Fmin

(3.29)

where Fi is the sum of squared error, defined by Equation 3.27, for regression i, Fmin is the smallest
value of Fi among these 12 regressions. The particular form of Equation 3.29 was determined
empirically in a prior publication on the aperture probe method [35] and serves to give greater
weight to the parameter values that yield the smallest error.
For the blocking-electrolyte measurement, the impedance data were inverted using the 1D
model following the same procedure as for the 2D model.

3.3.2

Combined regression and simulated annealing
To improve the accuracy of MacMullin number estimation in some instances, we did a

combined regression in which 1D and 2D experiments were simultaneously fit with their respective
models. In other words, the dual-layer 1D TLM and the dual-layer 2D TLM are simultaneously fit
to aperture and pouch cell experiments respectively, yielding one set of electrode parameters for an
electrode, including the MacMullin numbers of the two layers. In this case, the objective function
becomes
F =∑
n

(|ZExp1,n − Z1DMod,n |)2
(|ZExp2,n − Z2DMod,n |)2
+
∑
|ZExp1,n |2
|ZExp2,n |2
n

(3.30)

where ZExp1 and ZExp2 are the impedance spectra from the blocking-electrolyte measurement and
the aperture probe measurement respectively.
When analyzing the two types of impedance spectra simultaneously, we used a simulated
annealing algorithm instead of the least-square fit to determine the optimal parameters including MacMullin numbers. Such an algorithm is helpful when seeking a global minimum but not
necessarily the most efficient when finding a local minimum. We used an algorithm available
publicly [109]. Step sizes were set to be 2% of the respective parameter values. The fictitious
temperature used in simulated annealing algorithms was initially set to be 10. 20,000 iterations
(about 3 hours) were used to reach stable parameter values.
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3.4

Virtual experiment using COMSOL Multiphysics
For the dual-layer anode, there is a difficulty in measuring the MacMullin number for the

layer next to the current-collector because the overall impedance is less sensitive to ionic transport
at increasing depths. There is also the possibility that the MacMullin number of both layers will
confound with other parameters in the model, such as anisotropic factor. In other words, it is
important to determine how orthogonal the parameters are to each other given the experimental
data available.
To assess these effects, it is useful to have a set of experiments in which MacMullin numbers and other parameters are known to high accuracy. Therefore we conducted virtual experiments
in which the impedance spectra were simulated by the COMSOL model. The spectra are inverted
using the algorithm above and agreement of the regressed MacMullin numbers with the true values
can be assessed. Producing the correct parameters suggests likelihood of successful regression for
actual experiments.
A 1D representation of one porous electrode was used to simulate the EIS measurement
of half of the symmetric cell without a separator. The same governing equations and boundary
conditions as the 1-dimensional transmission-line model (1D-TLM) [34] were implemented in the
virtual experiment. All the parameters applied in the virtual experiment are listed in Table 3.2.
The electrode thickness and the electrolyte bulk conductivity were chosen according to practical
experiments. The electrical conductivity of the solid-phase was in the range of values measured
using the micro-flexible surface probe developed by Vogel et al. [31]. With a low ratio of the ionic
conductivity to the electronic conductivity of the electrode, the resistance of the solid phase in the
transmission-line model becomes negligible [22], and the impedance depends only on changes in
the ionic resistance. Faradaic resistance is set to be large enough to assume that the electrolyte
behaves as a “blocking electrolyte,” meaning that very little charge-transfer reaction occurs at the
solid-liquid interface. The value of constant phase element is adjusted to match with a representative electrode, and the exponent is assumed to be 1, meaning a conventional capacitance is assumed
to be placed at the volumetrically distributed interface.
A 2D representation of one porous electrode was used to simulate the aperture probe measurement. The governing equations and boundary conditions implemented in the 2D virtual experiment are the same as 2-dimensional transmission-line model [35]. All the parameter values were
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Table 3.2: Parameter values used in the virtual experiment.
Parameter
Symbol (unit)
Constant phase element Qs (F/cm3 )
Constant phase
As
Faradaic resistance
Rct (Ω · cm3 )
Electrode thickness
t (µm)
Electrolyte conductivity
k (µS/cm)
Electronic conductivity
σ (mS/cm)

Simulation Value
4 · 105
1
1 · 105
100
500
1000

the same as for the 1D virtual experiment, and the anisotropic factor (αϒ in Equation 3.2) was
assumed to be 1 in some cases, meaning the difference between the vertical ionic transport and
the lateral ionic transport was not taken into consideration. Figure 3.4 shows the geometry of the
2-dimensional transmission-line model (2D TLM) with two electrode layers. In this study, the 2D
impedance measurement was simulated with aperture radius values of both 200 µm and 400 µm,
and the radius of the electrode was 20 times larger than the radius of the aperture.
As is shown in Figure 3.2, the thickness of the electrode for both 1D and 2D virtual experiments was divided into two layers. The MacMullin number in the upper layer (NMU ), close
to the separator, is different from that in the lower layer (NML ), close to the current-collector. All
parameters other than MacMullin number are assumed to be identical in both layers for purposes
of the virtual experiments.
Both 1D and 2D virtual experiments were simulated with a series of MacMullin number
profiles and a frequency range from 4 kHz to 0.1 Hz. The amplitude of voltage perturbation was
not specified since it does not affect the linear impedance result.
The purpose of virtual experiments was to examine the accuracy of MacMullin number
estimation of the dual-layer transmission-line models. Therefore, the impedance spectra from the
virtual experiment were inverted using the dual-layer transmission-line models. The data inversion
process is the same as for the experimental data inversion, but the objective function is simplified.

3.5

Experiment
Having validated the technique, we used it to characterize real materials. In this study,

dual-layer anodes from two providers, Argonne National Laboratory (ANL) and EnPower Inc.,
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were tested. To verify whether the MacMullin number in the current-collector layer is accurately
estimated, we tested the ANL anode from both sides. This was accomplished by delaminating,
flipping, and directly measuring the impedance from its initial current-collector side.
The aperture probe and experimental setup used in this study are the same as in the previous
publication [35].
This section consists of the information on electrode samples and the experimental procedure, including delamination, impedance measurement, and cross-section analysis using SEM.

3.5.1

Experimental samples
One of the samples tested was a dual-layer anode fabricated by ANL. It consists of two

distinct layers, where each layer has the same ratios of active material (91.83 wt %), carbon (Timcal
C-45 2 wt %), and polymer binder (Kureha 9300 PVDF 6 wt %). In addition, oxalic acid (0.17 wt
% was added to the current-collector layer slurry. AETC LM2803 graphite with smaller particle
size was used in the separator layer, and Superior Graphite SLC1506T was used in the currentcollector layer. During the fabrication of the dual-layer anode, the current-collector layer was
coated, dried, and calendered before the separator layer was coated. Both layers were dried under
a vacuum at 120 ◦ C. After calendering, the porosity of the separator layer was estimated to be
45%, and the porosity of the current-collector layer electrode was estimated to be 25%. The total
thickness of the coating layer was 72 µm. Through measurement, we determined that the currentcollector layer is 45% of the total thickness (δ = 0.45). This dual-layer anode was cast from an
NMC solution and is hydrophobic; thus, the anode can be delaminated using a nitric acid solution
without significantly damaging the microstructure of the electrode, allowing us to have the aperture
probe directly contact the current-collector layer [34].
The other dual-layer electrode tested in this research was provided by EnPower. This duallayer anode consisted of graphite (95.5 wt %), binder (3.5 wt %), and carbon (1 wt %). The same
graphite was used in both layers, but the porosity was varied such that the estimated porosity was
49% in the separator layer and 17% in the current-collector layer. The overall thickness of the
coating was 100 µm. Because the electrode made by EnPower contains a water-soluble binder, we
could not identify a delamination method that did not damage the electrode. Therefore, we were
not able test this anode from both sides.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.6: Delamination process of a 1cm2 dual-layer anode using nitric acid. (a) The sample is
initially immersed in nitric acid. (b) Copper starts reacting with nitric acid and forming hydrogen.
(c) The coating layer is exposed when the copper dissolves. (d) Residual of the copper remains on
the electrode. (e) The copper is completely dissolved in nitric acid. (f) The electrode was dried
after rinsing. The debris on the left side of panels (c) and (d) come from the small amount of
electrode that was not completely scraped off the current collector tab.

3.5.2

Delamination
After the first pouch cell and aperture probe measurement, the dual-layer ANL anode was

delaminated and retested. The purpose of this process was to measure the MacMullin number from
both sides of the sample. The process of delamination is shown in Figure 3.6.
Each piece of the electrode was placed in a petri dish with the copper side up. A glass
slide was placed over the electrode. A 5.2M solution of nitric acid was added using a pipette.
More solution was added as needed. The copper was dissolved in about an hour. After the copper
removal, the electrodes were rinsed in water and left to sit in water for a few hours to ensure no
nitric acid solution remained in the electrodes. These electrodes were then left to dry overnight.
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3.5.3

Blocking-electrolyte measurement
The blocking-electrolyte method was used to measure the volumetric average MacMullin

number of the ANL anode both before and after delamination. Following the same procedure as
Pouraghajan et al. [34], a 1 cm2 piece of ANL sample and a second, slightly larger electrode were
cut. A separator was placed between these electrodes, and the stack was placed into a pouch. For
the undelaminated electrodes, each piece had an uncoated current-collector tab protruding outside
the sealed pouch to be used for electrical connection. The electrolyte (25.8 mM tetrabutylammonium hexafluorophosphate (TBAPF6 ) in propylene carbonate (Sigma Aldrich)) was injected into
the pouch cell. Finally, the pouch was sealed using an electric heat sealer. For the delaminated
electrodes, two copper foils (cut into the same size as the electrodes with a current-collector tab
protruding outside the sealed pouch) were placed in the pouch cell for electrical connection.
After sitting for 24 hours to allow wetting, each pouch cell was measured under an external
pressure of 133.6 kPa, using an EIS instrument (Bio-Logic SP200) with a perturbation of 10 mV
and frequency varying with logarithmic spacing from 3 MHz to 0.1 Hz. The open-circuit potential
for the symmetric cell was measured as zero and no DC bias was used. The blocking-electrolyte
impedance data were inverted using the 1D transmission-line model to obtain the average MacMullin numbers.
The dual-layer anode provided by EnPower was also measured by following the procedure
above, without delamination, with the electrode being cut into a 4 cm2 piece, as well as a slightly
larger piece, to make the pouch cell.

3.5.4

Aperture probe measurement
After finishing the pouch cell measurement, we opened the pouch cells and used the aper-

ture probe to measure the local MacMullin number of each piece of the electrode. The aperture
probe measurement was conducted by moving the aperture probe to each assigned location and
lowering the probe down to the surface of the electrode until the aperture made contact with the
electrode. Typical contact pressure between probe and sample is 73 kPa, which is the ratio of the
contact force (26.3N) and the contact area (36 mm2 ). While in contact, an EIS spectrum was collected with frequencies varying from 4 kHz to 0.3 Hz and perturbation of 50 mV. The open-circuit
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potential between the aperture probe and the sample was on the order of 10 mV and no DC bias
was applied. After the measurement, impedance data were fit to MacMullin numbers using the 2D
transmission-line model.
The dual-layer anode provided by Argonne National Lab was scanned with a 10 by 10 grid
of points with spacing 1 mm between each adjacent point using both 400 µm and 200 µm aperture
probes. Both sides of the ANL anode were tested after delaminating the sample (meaning that the
separator side was scanned before and after delamination). The sample provided by EnPower was
scanned with a 20 by 20 grid of points with spacing 1 mm between each adjacent point using the
200 µm aperture probe.
To accurately quantify the MacMullin number of the electrode, the impedance of the aperture probe needs to be measured and calibrated regularly. This was done by periodically measuring
a 10-layer stack of silver membranes placed next to the sample and immersed in the same solution.

3.5.5

Electrode cross-section analysis
To observe the cross-sections of the anodes, each film was milled using a broad ion beam

(IB-19530CP JEOL cross-section polisher) for approximately 4 hours at an ion beam voltage of 5
kV. ThermoScientific Apreo C scanning electrode microscope (SEM) was used to demonstrate the
particle and pore configuration of the milled cross-sections.

3.6
3.6.1

Results and Discussion - virtual experiments
Apparent MacMullin numbers from single-layer model
In this section we illustrate that the impedance measurements most strongly detect the Mac-

Mullin number of the top layer. For instance, if we treat a dual-layer anode as single-layer anode
and used a single-layer inversion process, we can see that the MacMullin number so-determined is
a weighted average of the MacMullin numbers of the two layers, with most of the weight on the
top layer. Virtual experiments were carried out to confirm this principle and results are shown in
Figure 3.7. Regardless of model geometry, 1D or 2D, the apparent MacMullin numbers inverted
from the virtual experiments using single-layer transmission-line models are mostly determined by
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Figure 3.7: MacMullin number estimation for virtual experiments using single-layer transmissionline models. (NMU : NML ) indicates actual MacMullin numbers in the upper and lower layers.

the MacMullin number value in the upper layer. These results are in agreement with the conclusion
made by Morasch et al. [110], who tested the impedance of films in which the tortuosity was not
uniform across the thickness. Another conclusion that can be made from Figure 3.7 is that for
the same MacMullin number profile, different aperture sizes yield similar results. Therefore, the
sensitivity of the impedance measurement does not change significantly with the size of aperture
or the corresponding current distribution.
To further understand how the inverted MacMullin numbers are determined by the microstructure in the two electrode layers, we compare Nyquist plots of some virtual experiments in
Figure 3.8. Even though the average MacMullin number for both NM = (7 : 13) and NM = (13 : 7)
is 10 (the thicknesses of the upper and lower layers are equal), the Nyquist plot of NM = (7 : 13) is
distinct from that of NM = (13 : 7). According to what is explained by Pouraghajan et al. [34], it
is the elbow point of the Nyquist plot that indicates the MacMullin number of the electrode. The
upper MacMullin number of NM = (7 : 13) is less than that of NM = (13 : 7), and the elbow point of
NM = (7 : 13) occurs at a smaller real impedance value. Therefore, the upper MacMullin number
has a stronger influence on the impedance behavior of dual-layer electrodes. As for the effect of
the MacMullin number in the lower layer, in the case of NM = (7 : 7) and NM = (7 : 13), the NML
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Figure 3.8: Nyquist plots of virtual experiments with different model geometries. The impedance
values are normalized by the area of aperture.

is increased by 86%, but the real impedance where the elbow points happen is only increased by
approximately 5%. So the MacMullin number in the lower layer has a less significant impact on
the impedance behavior compared to that from the upper layer.
Figure 3.8 also helps us understand why different aperture sizes produce similar sensitivity
to the MacMullin number profile of the electrode. For each set of the three model geometries with
the same MacMullin number profile, the elbow points that we use to determine the MacMullin
number occur at the same real impedance value. Therefore, it is the MacMullin number profile,
rather than the aperture size, that determines the inverted MacMullin number. Different aperture
sizes have small effects on the impedance measurement. The aperture size primarily affects the
impedance at lower frequencies, meaning that lower frequencies tend to explore ionic transport in
the lateral direction [35]. This subtle difference due to aperture size is exploited to improve our
regressions as discussed below.
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Figure 3.9: Comparison between the actual MacMullin numbers implemented in the virtual experiments (blue bars) and those determined using dual-layer transmission-line models (orange bars for
200 µm aperture, grey bars for 400 µm aperture, and yellow bars for 1D TLM). The error bars represent the 95% confidence intervals calculated from the 12 regression results with different guess
values. (NMU : NML ) indicates actual MacMullin numbers in the upper and lower layers.

3.6.2

MacMullin numbers from dual-layer models
In this section, we invert the impedance spectra of the virtual experiments using the dual-

layer transmission-line models and compare with the actual values to assess the success of regression analysis.
Figure 3.9 shows the estimated MacMullin numbers using the dual-layer transmission-line
models. The actual MacMullin numbers applied in virtual experiments are displayed side by side
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(a)

(b)

(c)

Figure 3.10: Impedance spectra of virtual experiments (points) and corresponding regressed TLM
(lines) for (a) MacMullin number profile NM = (13 : 7); (b) MacMullin number profile NM = (10 :
13); (c) MacMullin number profile NM = (13 : 10).

with the estimated values to establish the accuracy of the regression analysis. The results of data
inversion show that the estimated MacMullin numbers in both the upper and lower layers are
in general agreement with the actual values. However, for some virtual experiments where the
MacMullin number in the upper layer is larger than that in the lower layer (e.g. NM = (13 : 7)),
discrepancies between the estimated values and the actual values (up to 23%) can be noticed. Since
the desired microstructure design of the dual-layer anode is where the upper layer has smaller
MacMullin number than the lower layer, these instances are of less concern.
Despite the errors in MacMullin number estimation, the resulting Nyquist plots of duallayer transmission-line models still match well those of the virtual experiments. Figure 3.10 (a)
shows the Nyquist plot of a dual-layer 2D TLM that satisfactorily fits the Nyquist plot of virtual experiments even though the estimated values (NM = (11.6 : 8.8)) are different from the actual values
(NM = (13 : 7)). The same phenomenon is also observed for the dual-layer 2D TLM with a 400 µm
radius of aperture (see Figure 3.10 (b)) and the dual-layer 1D TLM (see Figure 3.10 (c)). These
results imply that confounding between the fitting parameters can impact the MacMullin number
estimation for dual-layer electrodes. Compared to the single-layer transmission-line model, the
dual-layer model has a doubled number of fitting parameters, which introduces more uncertainty
due to higher degree of freedom. This problem is remedied below.
To evaluate the impact of guess values on the MacMullin number estimation, we used the
dual-layer transmission-line models to invert the virtual experiments (actual MacMullin number

68
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(b) Dual-layer 2D TLM, 400 μm aperture
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(c) Dual-layer 1D TLM
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Figure 3.11: Results of MacMullin number estimation using different average guess values. The
error bars represent the 95% confidence intervals calculated from the results of 12 regressions with
different perturbations around the average guess values. Lines between points are to guide the eye.
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Figure 3.12: Nyquist plots of virtual experiments with varying the MacMullin number in the lower
layer or anisotropic factor (α). For each impedance model displayed, α is the same in both electrode layers.

NM = (10 : 13)). The data inversion using each transmission-line model was repeated 25 times
where different average guess MacMullin numbers were used each time. All the estimated MacMullin numbers are displayed in Figure 3.11. The results do not show a clear correlation between
the guess values and the results. However, with different guess values, the results inverted from
the dual-layer 2D TLM with a 200 µm aperture are the most consistent. The results from the duallayer 2D TLM with a 400 µm aperture vary in reliability, and those from the dual-layer 1D TLM
are the least consistent among the three transmission-line models. The average errors of the MacMullin number estimations for the dual-layer 2D TLM with a 200 µm aperture are the lowest (5%
in upper layer and 2% in lower layer), and those for the dual-layer 1D TLM are the highest (9% in
upper layer and 4% in lower layer). Therefore, when we are less certain about the guess values, the
MacMullin number estimation is more reliable when using the dual-layer 2D TLM with a 200 µm
aperture.
In previous work on the single-layer 2D transmission-line model [35], we noticed that
the anisotropic factor could confound with the MacMullin number. Thus, this issue needs to be
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Figure 3.13: Data inversion for virtual experiments for (a) 200 µm radius of aperture, (b) 400 µm
radius of aperture, (c) 200 µm radius of aperture combined with pouch cell. The anisotropic factor
is identical in both upper and lower layers in each virtual experiment. The error bars in (a) and
(b) represent the 95% confidence intervals calculated from the 12 regression results with different
guess values.
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investigated for the dual-layer model. Figure 3.12 shows that both the anisotropic factor and the
MacMullin number in the lower layer can affect the impedance spectrum at low frequencies (upper
right region of the plot), meaning that these two fitting parameters have the possibility of confounding with each other. Therefore, the anisotropic factor could be a source of uncertainty especially
when estimating the MacMullin number in the lower layer of the electrode.
To further quantify the impact of anisotropy, we conducted 2D virtual experiments for both
a 200 µm and a 400 µm radius of aperture. For each aperture size, we generated 9 impedance
spectra with MacMullin number profile NM = (10 : 13) and different anisotropic factors chosen
based on experimental results [8]. These impedance spectra were inverted using the dual-layer
2D TLM with guess values of the anisotropic factor as 1 in both layers. Figure 3.13 shows that
the anisotropic factor affects the MacMullin number in both upper and lower layers during the
data inversion. However, the estimated MacMullin numbers inverted from the 400 µm virtual
experiment are more consistent and more accurate than those inverted from the 200 µm virtual
experiment. Therefore, the disruption caused by the anisotropic factors is less severe when using a
400 µm radius aperture probe. This is likely due to the fact that a smaller aperture probe produces
proportionally more current in the horizontal direction than vertical direction (because of spreading
effects) and this causes greater sensitivity to the anisotropic factor. In the limit of a 1D (infinite
probe size) experiment, there is zero sensitivity to the anisotropic factor.
On the other hand, based on the analysis above, one can observe that a 2D model with a
smaller aperture size is less sensitive to MacMullin number guess values. To mitigate the tradeoff between inaccuracies due to anisotropy and MacMullin number guess values, we decided to
simultaneously analyze the 1D and 2D virtual experiments using a simulated annealing algorithm.
As is shown in Figure 3.13 (c), the results of combined analysis are more consistent and less subject
to the disruption of anisotropy. Under simulated annealing, guess parameters are given as intervals
and are randomly selected by the algorithm within the given interval, thus the simulated annealing
process is less affected by the selection of guess parameters.

3.6.3

Impact of other fitting parameters on virtual experiment and data inversion
In the previous subsections, we conducted virtual experiments for dual-layer electrodes

and inverted the virtual experiments using the transmission-line models. However, all the anal72

Table 3.3: Parameter values used in the virtual experiment and obtained from the data inversion using
two different 2D transmission-line models. For the single-layer 2D TLM, the parameter values are
identical in both two layers.
Parameter
NM
Qs (F/cm3 )
As
Rct (Ω · cm3 )
α

Virtual experiment Dual-layer 2D TLM inversion
(7:10)
(6.89:9.92)
(7.8·105 : 2.3 · 105 )
(7.12·105 : 2.69 · 105 )
(0.97:0.95)
(0.97:0.96)
5
5
(1·10 : 4.3 · 10 )
(9.71·104 : 6.38 · 105 )
(0.86:1.23)
(0.89:1.1)

Single-layer 2D TLM inversion
4.3
4.39·105
0.975
1.02·105
0.55

yses above are based on the assumption that, other than the MacMullin numbers, all the fitting
parameters, though initially unknown, are identical in both layers of the electrode.
To determine whether other fitting parameters could disrupt the MacMullin number estimation, we conducted another virtual experiment with dissimilar values for all the parameters in
the two layers (see Table 3.3) and inverted that virtual experiment using both the single-layer and
dual-layer transmission-line models. The results show that the dual-layer model is more accurate
than the single-layer model. For example, in the virtual experiment, the MacMullin numbers are
set to be 7 in the upper layer and 10 in the lower layer, but the single-layer model yields 4.3 for
the MacMullin number, which is significantly different from the actual MacMullin numbers in either the upper or lower layer. Figure 3.14 shows that both the single-layer and dual-layer models
satisfactorily fit the virtual experiment impedance spectrum, while the dual-layer model shows a
slightly better fit than the single-layer model. This analysis shows that all the parameters impact
the data inversion.

3.7

Result and discussion - physical samples
Having established the behavior of the inversion process, we are in a position to begin

investigating physical samples. In this section, we use the transmission-line models to quantify
the MacMullin numbers of the dual-layer anodes provided by Argonne National Laboratory and
EnPower.
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Figure 3.14: Impedance spectra of the virtual experiment, dual-layer 2D TLM, and single-layer
2D TLM with parameter values shown in Table 3.3.

3.7.1

Experimental impedance data inversion - ANL sample
Figure 3.15 displays the MacMullin number, averaged from the local values of both pieces

in the pouch cell, at each layer of the ANL anode. As expected, the average MacMullin numbers
in the current-collector layer are larger than those in the separator layer. However, it is unexpected
that the two layers have such similar MacMullin numbers. This is discussed below.
To mitigate the issues of anisotropy and guess values, we simultaneously analyzed two
impedance data from different experiments using the simulated annealing algorithm. For the aperture probe ( 200 µm radius) measurement data, to mitigate the local variation of the electrode properties, we averaged local impedance spectra from the two pieces of the dual-layer anode. Then the
averaged aperture probe measurement data was inverted together with the pouch cell measurement
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Figure 3.15: Average MacMullin numbers of ANL anode in the separator layer and the currentcollector layer measured from the two pieces in the same pouch cell. The error bars represent
the 95% confidence intervals calculated from all the MacMullin numbers in the two pieces of the
electrode. The grey bars represent the results obtained by simultaneously analyzing the pouch cell
data and aperture measurement data.

data using the simulated annealing algorithm. The simulated annealing process yielded MacMullin
numbers (gray bars) that are largely in agreement with other results shown in Figure 3.15.
For ANL sample, we we delaminated and flipped the sample to repeat the measurement on
both layers of the electrode. These repeated measurements yields consistent MacMullin number
in each layer of the anode (see Figure 3.15), suggesting that the inversion process is correctly
estimating the MacMullin numbers.
Since the porosity in the current-collector layer (εL = 25%) of the dual-layer anode is lower
than that in the separator layer (εU = 45%), the MacMullin number in the current-collector layer
is expected to be two times higher than that in the separator layer according to the Bruggeman
equation [17]
NML
=
NMU



εL
εU

−1.5
(3.31)

However, Figures 3.15 shows that the MacMullin values in the two layers are very close to each
other, which means other factors influence the measured MacMullin number.
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Nikpour et al. [30] used their multi-phase smoothed particle model to show that, after
calendering, the electrode with a larger particle size tends to have a smaller MacMullin number
value due to more-connected pore space. The cross-section image of the dual-layer anode (Figure
3.3) shows that the particle size in the current-collector layer is larger than that in the separator
layer, which suggests that the MacMullin number is decreased relative to a layer with smaller
particles and the same porosity.

3.7.2

Effect of anisotropy - ANL Sample
Figure 3.3 shows that there are many particles in the current-collector layer are elongated

and are oriented parallel to the current collector, which means the anisotropic factors should be
taken into consideration. To study the impact of the anisotropic factors on the data inversion
results, we inverted all the impedance spectra collected from Piece 1 of the dual-layer anode twice.
During one data inversion, the anisotropic factors of the dual-layer 2D TLM in both the upper
and lower layers were fixed at 1, and that inversion process yielded average MacMullin number
4.9 ± 0.2 in the separator layer and 5.70 ± 0.18 in the current-collector layer. During the other
data inversion, the anisotropic factors were fitting parameters, and that inversion process yielded
average MacMullin number 5.1 ± 0.2 in the separator layer and 5.81 ± 0.17 in the current-collector
layer. The MacMullin number estimation is not significantly disrupted for these data analysis. The
average anisotropic factor was 1.1 ± 0.067 in the upper layer and 1.4 ± 0.045 in the lower layer of
Piece 1 of the dual-layer anode.
To determine whether the anisotropic factors could alter the pattern of the MacMullin number distribution, we randomly select 10 measurement locations and plot the results of data inversions in Figure 3.16. These results show that the localized anisotropic factors change the estimated
localized MacMullin numbers.

3.7.3

Experiment outcome - EnPower sample
This section discusses the results with the EnPower electrode. Figure 3.17 shows the Mac-

Mullin number obtained from both the blocking-electrolyte method and the aperture probe method
(200µm aperture probe ). The impedance data measured by the aperture probe were analyzed using
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Figure 3.16: MacMullin number values, for (a) separator layer and (b) current-collector layer,
inverted from 10 impedance spectra of the ANL anode Piece 1. The orange dots show the results
when anisotropic factors were fixed at 1. The blue dots show the results when anisotropic factors
were fitting parameters. Lines between points are to guide the eye. The error bars represent the
95% confidence intervals calculated from the 12 regression results with different guess values.

77

70
60

MacMullin number

50
40
30
20
10
0
Separator layer

Current-collector layer

Pouch cell and aperture probe

Separator layer

Current-collector layer

Aperture probe

Figure 3.17: Estimated MacMullin numbers averaged from the two pieces of the EnPower anode
and measured using (left) the combination of the pouch cell and aperture probe measurement and
(right) the aperture probe measurement. The error bars represent the 95% confidence intervals
calculated from all the MacMullin numbers in the two pieces of the EnPower anode.

least-square fit, and the impedance data measured through the pouch cell method were combined
with the averaged aperture probe impedance data and were analyzed using the simulated annealing
algorithm. These results show that the MacMullin numbers in each layer are very different. The
microstructure difference between the two layers can be observed through the SEM image of the
cross-section (Figure 3.18). The average anisotropic factor of this EnPower anode is 1.06 ± 0.04
in the separator layer and 1.70 ± 0.07 in the lower layer.

3.7.4

Contour map comparison
Contour plots of the MacMullin number in each layer of the electrodes were generated

using a self-developed MATLAB program and assuming a linear variation of MacMullin number
between adjacent test locations.

78

50 μm

Figure 3.18: SEM image of the cross-section of dual-layer electrode. The sample is manufactured
by Enpower

The results in Figure 3.15 show that the average MacMullin numbers measured from the
200 µm and 400 µm radius aperture probes are in agreement with each other. However, when it
comes to the local MacMullin number variation, Figure 3.19 (a) and (b) do not show repeatable
MacMullin number distribution patterns. This mismatch between the contour maps could be due to
the misalignment of the electrode position when switching the two aperture probes. Additionally,
different aperture sizes have different length scales of the impedance measurement, and the local
MacMullin numbers could be different within different length scales, even if they were centered at
the same location.
Figure 3.19 (b) and (c) compares two MacMullin number maps of the same layer in the
same piece of the ANL anode. The MacMullin numbers in Figure 3.19 (b) were measured directly
on the separator layer, meaning the aperture probe was in contact with the separator layer. The
MacMullin numbers in Figure 3.19 (c) were measured indirectly, meaning the aperture probe was
in contact with the opposite layer. The two maps do not show similar MacMullin number distribution pattern, which could be due to the misalignment of the electrode position when flipping
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(a) MacMullin number

(b) MacMullin number

(c) MacMullin number

Figure 3.19: Contour maps and frequency distributions of the MacMullin number in the separator
layer of Piece 2 of the ANL anode. The impedance spectra were collected using a (a) 400 µm
radius aperture probe through direct measurement, (b) 200 µm radius aperture probe through direct
measurement, and (c) 200 µm radius aperture probe through less-direct measurement from the
current-collector side.
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the electrode. Additionally, the vertical variation of the microstructure within one layer of the
electrode can also affect the MacMullin number measurement after flipping the electrode.
All these contour map comparisons show that the dual-layer transmission-line model is
suitable for estimating the average MacMullin number in each layer. However, additional work is
required if one wants to conduct in-plane heterogeneity analysis for each layer of the dual-layer
electrode.
Figure 3.20 shows the contour maps of MacMullin number in both layers of the EnPower
electrode. The current-collector layers a have higher variability of MacMullin number than the
separator layer. At some locations the apparent MacMullin numbers are larger than 100, which
is quite large. However, the variation of the MacMullin number is partially due to uncertainty of
measurement, and it is also not necessary for MacMullin number to be small next to the current
collector. We note that this dual layer electrode actually functions quite well, even at high rates of
charge, due to performance factors besides the MacMullin number.

3.8

Conclusion
This study investigates the impedance behavior of dual-layer anodes through a unique ap-

paratus and inversion procedure. We are not aware of any prior work able to analyze electrodes
in this fashion. A previously developed transmission-line model was expanded to estimate the
MacMullin numbers in different layers. We assumed that the property profile of such electrodes
follows a step function.
The method was validated by analyzing a series of virtual experiments and also by virtue of
testing physical electrodes that had been delaminated and flipped. The method was used to better
understand and quantify the MacMullin numbers of two commercial-grade dual-layer anodes.
The impedance measurement is more sensitive to the separator layer of the electrode than it
is to the other layer. When using the single-layer transmission-line model to invert the impedance
data, the obtained MacMullin number will be similar to that in the separator layer. However, if
parameters other than the MacMullin number differ in two layers, the single-layer transmissionline model may not accurately predict the MacMullin number in any layer of the electrode.
Adding fitting parameters increases the uncertainties of the data analysis due to higher
degrees of freedom. To improve the accuracy of the dual-layer MacMullin number estimation,
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Figure 3.20: Contour maps of the MacMullin number of the EnPower electrode measured from (a)
separator layer in Piece 1, (b) separator layer in Piece 2, (c) current-collector layer in Piece 1, and
(d) current-collector layer in Piece 2. The MacMullin numbers were measured using the 200 µm
aperture probe.

we combined the impedance spectra measured from different experimental methods, namely the
aperture probe method and pouch cell method. The impedance data were simultaneously analyzed
using a simulated annealing algorithm. Such data analysis strategy mitigated the uncertainties
caused by anisotropy and unknown range of MacMullin numbers.
In this work and prior work [35] we found that the anisotropic factors associated with ionic
transport are usually larger than one for graphite anodes and smaller than one for cathodes. This
means that there is more ionic current in the lateral direction than in the vertical direction for
graphite anodes, and the reversed case for NMC cathodes, as so far observed. This could be due to
the particle shape and orientation. For example, graphite particles are usually potato-shaped and
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tend to orientate in parallel with the current-collector, which favors ionic transport in the lateral
direction. Additional experiments are needed to better understand these observations.
The SEM images show that the ANL anode and EnPower anode are very different in microstructure, corresponding to their very different MacMullin numbers. These two manufacturers
adopted different strategies to achieve high cycling and rate performance from relatively similar
active materials. The same active particles are used in both layers of the EnPower anode, while the
active particles used in the ANL anode are different in the two layers, namely a smaller particle is
used in the separator layer. Both anodes have the porosity higher in the separator layer than in the
current-collector layer. The average porosity of the EnPower anode is less than that of the ANL
sample. The thickess of the EnPower sample is 100µm, while the thickness of the ANL sample is
72µm. Electrochemical testing is beyond the scope of this work, but can ultimately determine the
degree with which the respective strategies succeeded. Information available so far suggests that
both strategies have advantages over single-layer anodes [111].
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CHAPTER 4.
CORRELATION BETWEEN IONIC TRANSPORT AND ELECTRONIC
CONDUCTIVITY

4.1

Introduction
Improving rate performance has been a growing direction of battery development, espe-

cially to meet the demand of fast charging for electric vehicles. Researchers have shown that
two important criteria that determine rate performance of batteries are mass transport (especially
lithium-ion transport) in electrolytes and electronic transport in solid electrodes [112, 113].
Mass transport is affected by microstructure of the porous electrode. Porosity, which is the
portion of the void space in the electrode, is a key metric of the electrode microstructure. Tortuosity
is another dimensionless number that describes the geometry of lithium-ion transport pathways. In
this study, the ionic transport is represented by MacMullin number. The MacMullin number is the
ratio of tortuosity and porosity, and the MacMullin number is used because it directly quantifies
the impact of microstructure on ionic transport.
To better predict the tortuosity value, researchers have been trying to quantify the correlation between porosity and tortuosity. The most commonly used is the Bruggeman equation [17, 89–91]
τ = γ · ε −a

(4.1)

where τ is the tortuosity of an electrode, ε is the porosity, a is the exponential factor, and γ is
a scaling factor. Traditionally, γ was assumed to be one, but Zacharias et al. [16] modified the
Bruggeman equation by suggesting that γ should be a function of electrode composition. Thorat
et al. [17] fit the equation above with their experiment results and determined the value of a to be
0.53. However, Landesfeind et al. [13] pointed out that a depends on the shape of particles in the
electrode, with a value around 0.5 for spherical particles. Regardless of particle shape, the general
relation indicated by the Bruggeman equation has not been contradicted.
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Electronic transport is another factor that affects the performance of electrodes. In this
work, electronic transport is represented by the bulk electronic conductivity as well as the contact
resistance between the electrode film and the current collector. Although several factors determine
the electronic transport of battery electrodes [107, 114–116], we particularly focus on the effect
of porosity in this research. Nevers et al. [117] investigated different types of conductive carbon
used in alkaline battery cathodes and established a negative correlation between the porosity and
electronic conductivity. Peterson et al. [118] also observed an increased electronic conductivity
when the porosity decreased and attributed the trend to better contact between particles.
Both ionic transport and electronic transport depend on the microstructure of electrodes
[29], and many previous research works suggest a monotonic relation between the transport properties and the porosity. Nikpour el al. [30] used their multi-phase smoothed particle model to show
that by decreasing porosity through calendering, both the electronic conductivity and tortuosity
increase.
In this research, we seek to better understand experimentally how ionic transport and electronic transport are related to the microstructure in porous electrodes. There has been, to our
knowledge, only one prior research work where the ionic and electronic transport were directly
measured on the same set of electrodes [33]. In that work, conducted by our group, the properties
were determined as volumetric averages. In this work, we conduct localized measurement of these
two transport properties with the same set of electrodes at millimeter length scale to better investigate relationships between the two transport properties at that scale. Measurements are made both
before and after calendering in order to determine the effect of porosity and corresponding changes
in microstructure.
In this work, several commercial-grade electrodes were measured by a micro-flexiblesurface probe (µFSP) to determine the electronic properties [31]. These electrodes were also measured by an aperture probe method to determine the ionic transport [35]. Each electrode was measured by each method twice, before and after calendering. Since both the µFSP and the aperture
probe were designed to measure the local transport properties of electrodes, we scanned electrodes
using both probes and generated contour maps to visualize the heterogeneity of ionic transport and
electronic transport. By comparing the two types of contour maps, we can try to observe a possible
local correlation between the ionic transport and the electronic transport.
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4.2

Experimental procedures
Ten commercial-grade anodes and cathodes provided by Argonne National Laboratory

(ANL) were tested. We tested the local MacMullin number and local electronic transport of most
electrodes twice. Between each set of MacMullin number and electronic transport measurements,
we decreased the porosity of electrodes through calendering. Two pieces of cathodes from the
same batch were tested additional times, because of unexpected results.
This section includes information on the electrodes tested and procedures of electrode measurement, calendering, porosity estimation, and cross-section analysis through SEM.

4.2.1

Experiment samples
The composition of ANL-provided electrodes is given in Table 4.1. It is worth noting that

both Cathode 1 and Anode 1 were delivered in two batches. One batch was pre-calendered by ANL
before delivery, and the other, marked by “*”, was not calendered by ANL but was calendered as
part of this work.
Table 4.1: Composition for cathodes and anodes tested in this work. The sign “*” means the
electrodes were not pre-calendared by ANL.

Electrode
Composition
Cathode 1*
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%
Cathode 1
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%
Cathode 2
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%
Anode 1* Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
Anode 1
Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
Anode 2
Graphite 73 wt%, Carbon 2 wt%, Binder 10 wt%, Silicon 15 wt%

4.2.2

Local electronic conductivity testing
Using the µFSP developed by Vogel et al. [31], a square piece of each electrode with side

length 2.5 cm was scanned to estimate the electronic transport in 625 different locations (25 by
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25 grid of points with 1 mm spacing between each point) starting in the upper left corner. Measurements from four different probe heads were averaged at each location and used to quantify
uncertainties. The probe was cleaned with isopropyl alcohol between each test. After data inversion, the average electronic conductivity and contact resistance measured from the four probes at
each location were used to create contour maps. Contour plots of the electronic conductivity and
contact resistances of each electrode were generated using a self-developed MATLAB program
and a linear interpolation was used between adjacent test locations.

4.2.3

Local MacMullin number testing
After electronic transport testing, each electrode was placed in a pouch filled with an

electrolyte (25.8 mM tetrabutylammonium hexafluorophosphate (TBAPF6 ) in propylene carbonate (Sigma Aldrich)) soaked overnight before the local MacMullin number testing. The local MacMullin number was measured using the aperture probe (200 µm radius aperture) and following the
same procedure that was developed in previous publication [35].
During the measurement, the aperture probe was moved to each assigned location and
lowered to the surface of the electrode until the aperture made contact with the electrode. Typical
contact pressure between probe and sample is 73 kPa, which is the ratio of the contact force (26.3N)
and the contact area (36 mm2 ). While in contact, an EIS spectrum was collected with frequencies
varying from 4 kHz to 0.3 Hz and perturbation of 50 mV. The open-circuit potential between the
aperture probe and the sample was on the order of 10 mV, and no DC bias was applied. Each
electrode was scanned with a 25 by 25 grid of points spaced 1 mm between each adjacent point. The
MacMullin number testing was conducted over the same area as the local electronic conductivity
testing with positional uncertainty of about 500µm.
After the measurement, each impedance spectrum was analyzed by a transmission-line
model through least-square fit to estimate the MacMullin number at each location of the electrode
[35]. Contour plots of the MacMullin number of each electrode were generated using the same
MATLAB program as the electronic conductivity maps and assuming a linear variation of values
between adjacent test locations.
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4.2.4

Calendering and porosity estimation
In this study, the electrodes were calendered using a rolling mill tool. Before and after

calendering, the porosity (ε) of each piece of electrode was calculated using
ε = 1−

mf
t

wi

∑ ρi

(4.2)

i

where m f is the mass loading of the coating film, t is the film thickness without current collector,
wi is the mass fraction and ρi is the estimated crystalline density of raw material i, as given in Table
4.2 [119]. The electrode thicknesses were measured using a micrometer, and for each electrode, the
thickness of several locations were measured and averaged. This equation is derived by assuming
conservation of volume of solids, which is a reasonably accurate assumption. The mass loading
was calculated using
mf =

Mtot
− ρcctcc
A

(4.3)

where Mtot is the total mass of the electrode with a superficial area A, tcc is the thickness of
the current collector, and ρcc is the density of the current collector (2.7 g/cm3 for aluminum and
8.96 g/cm3 for copper). The estimated porosity is a dry porosity because electrodes tend to swell
when soaking in electrolyte.
Table 4.2: Estimated crystalline density of raw materials
Material
ρi (g/cm3 )
Cathode NMC
4.5
Carbon black
2.3
PVDF binder
1.8
Anode graphite
2.3
CMC binder
1.6

4.2.5

Electrode cross-section analysis
To observe the cross-section of the electrodes, the electrode films were milled using a broad

ion beam (IB-19530CP JEOL cross-section polisher) for 4 hours at an ion beam voltage of 5 kV.
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Figure 4.1: Correlation between electronic conductivity and MacMullin number for (a) cathodes
and (b) anodes. Lines between points are a guide to the eye, with the arrow pointing toward the
post-calendered value. Error bars are smaller than symbol sizes in some cases.

ThermoScientific Apreo C scanning electrode microscope (SEM) was used to observe the particle
and pore configuration of the milled cross-sections.

4.3
4.3.1

Results and discussion
Ionic transport and electronic transport
For traditional electrodes, a medium occupying a particular volume generally conducts ions

or electrons and not both. Therefore, we expect the ionic conductivity and the electronic conductivity to have opposite trends with changes in porosity. Stated differently, MacMullin number (i.e.
dimensionless ionic resistance) and electronic conductivity are hypothesized to be positively correlated when porosity is changed by calendering. Figure 4.1 tests this hypothesis and shows that
all electrodes but one cathode follow the expected trend. The rate of change in MacMullin number
with logarithm of electronic conductivity varies from sample to sample.
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Figure 4.2: Correlation between MacMullin number and porosity. Lines between points are a
guide to the eye, with the arrow pointing toward the post-calendered value. The dash lines delimit
the MacMullin number ranges following Bruggeman relations (shown in equations). Error bars
are smaller than symbol sizes in some cases.

Cathode 1* has an unexpected negative correlation between the electronic conductivity
and the MacMullin number. This was the motivation to repeat the tests with additional pieces of
that cathode. The results from the second piece of Cathode 1* agree with the first results. This
exceptional phenomenon is due to the electronic behavior rather than the ionic behavior and implies that electrode microstructure affects electronic transport and ionic transport through different
mechanisms in this instance. Additional investigation of this electrode is given below.

4.3.2

Porosity and ionic transport
Figure 4.2 (a) shows the MacMullin number of electrodes before and after calendering. The

results demonstrate that the average MacMullin number of each electrode increases after calendering, as expected. Ions transport through connected pore space in the electrode. The calendering
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process reduces the amount of connected pore sizes, and thus increases ionic resistance. Two
dashed lines in Figure 4.2 delimit the range of MacMullin number that follows a Bruggeman-type
relation with γ value varying from 1 to 3 (see Equation 4.1). Most of measured MacMullin number values fall within this range. These results mean that the porosity affects the ionic transport
similarly for these electrodes.

4.3.3

Porosity and electronic conductivity

Table 4.3: Thickness, dry porosity, MacMullin number, electronic conductivity, and contact resistance values measured from electrodes before and after calendering.
Electrode
Thickness (µm) Porosity MacMullin number
Cathode 1* Piece1
81
41 %
7.36±0.04
70
32 %
10.00±0.04
Cathode 1* Piece2
84
44 %
8.08±0.05
71
33 %
11.25±0.04
Cathode 1 Piece1
74
36 %
6.98±0.07
63
25 %
9.89±0.07
Cathode 1 Piece2
70
31 %
9.09±0.04
63
24 %
11.97/pm 0.08
Cathode 2
36
33 %
6.61±0.08
30
21 %
9.1±0.1
Anode 1*
91
51 %
8.17±0.06
68
34 %
12.77±0.05
Anode 1
71
34 %
10.40±0.02
66
28 %
12.56±0.09
Anode 2
33
53 %
7.8±0.1
25
38 %
10.1±0.1

Electronic conductivity (mS/cm)
368 ± 9
273 ± 3
310 ± 10
260 ± 3
174 ± 1
301 ± 13
266 ± 10
332 ± 5
257 ± 1
650 ± 13
3500 ± 130
4790 ± 72
6980 ± 66
7080 ± 74
3290 ± 74
4500 ± 115

Contact resistance (Ω · cm2 )
1.26 ±0.19
0.12±0.03
1.17±0.25
0.22±0.12
2.17±0.44
0.15±0.07
1.22±0.2
0.12±0.07
1.64±0.4
0.15 ± 0.06
0.23 ± 0.02
0.22 ± 0.03
0.29 ± 0.02
0.25 ± 0.01
0.27 ± 0.03
0.26 ± 0.03

Table 4.3 displays the thickness, dry porosity, and average electronic conductivity of the
electrodes before and after calendering. Note that the initial thickness of some electrodes measured
during the experiment are 2 − 3µm higher than those reported by ANL, and the increased thickness
may be due to mechanical relaxation over several months’ storage. Compared to the MacMullin
number, the electronic conductivity is more subject to differences in conductive material. The
anodes contain more than 90% conductive material (graphite), while the cathodes contain only 4%
conductive material (carbon black). Thus, the anodes have electronic conductivity more than 10
times higher than the cathodes.
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Figure 4.3: Porosity and electronic conductivity measured from anodes and cathodes. Lines between points are a guide to the eye, with the arrow pointing toward the post-calendered value, or
in the case of sequentially calendered values, the final value. Error bars are smaller than symbol
sizes in some cases.

As is shown in Figure 4.3 (a), through calendering, the electronic conductivity values
change at rates that vary from sample to sample, which means that the electronic conductivity
is less predictable than the MacMullin number. Decreasing porosity generally enhances interconnections between conductive materials [30], thus the electronic conductivity is expected to
increase after calendering. Electronic percolation is already established for graphite anodes even
at high porosities. Thus, further calendering does not increase the electronic conductivity significantly [118].
While other electrodes show a negative correlation between porosity and electronic conductivity, the results of Cathode 1* do not follow the same trend as other electrodes. Cathode 1
and Cathode 1* were made from the same batch, and Cathode 1 has a lower initial porosity than
Cathode 1* due to the pre-calendering by the ANL. Nevertheless, the average electronic conductivity of Cathode 1 is lower than that of Cathode 1*. Strangely, calendering of Cathode 1* decreased
rather than increased electronic conductivity. To confirm these results, two additional pieces were
electronically tested (Pieces 3 and 4) with a more gradual sequence of changes to porosity by
calendering. Figure 4.3 (b) still shows that the average electronic conductivity of Cathode 1* decreases after calendering. When the porosity is lower than about 36%, the electronic conductivity
of Cathode 1* becomes stable, meaning the electronic conductivity does not change with further
calendering.
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Figure 4.4: Cross-section SEM-FIB images of Cathode 1* (left) before and (right) after calendering. Carbon-binder domains (CBD) are shown as nanoporous regions of lighter shade than the
roughly spherical active material particles.

Previously, Peterson et al. [118] also observed a modestly decreased electronic conductivity
after re-calendering several LCO cathodes. They attributed such a result to the non-uniform distribution of carbon-binder domain (CBD), a mixed network of carbon black, binder, and nanopores.
To better understand how CBD distributes in Cathode 1*, we conducted cross-section analysis
using SEM-FIB for both the as-received Cathode 1* and the calendered Cathode 1*. The SEM
images (Figure 4.4) show that the CBD before calendering appears to have complete percolation
or connections over longer vertical distances. After calendering, there appear to be fewer such connections, due to a less-conductive active material compressing and obstructing the CBD network.
Another possible mechanism is that repeating the calendering process on a fully dried or stable
electrode could damage the percolation of the connected carbon black particles in the CBD itself.
Additionally, the calendering process may buckle the connecting or bridging carbon particles inside the CBD, causing loss of percolation. Once this carbon bridge is broken, electrons require
greater electric field to be transported.

4.3.4

Porosity and contact resistance
The µFSP can also measure the contact resistance of electrodes. Figure 4.5 (a) shows

the correlation between the porosity and contact resistance of Cathode 1* and Cathode 1. The
results show an overall trend that the contact resistance decreases after calendering, consistent
with all other electrodes. The SEM images of Cathode 1* (Figure 4.5 (b) and (c)) show that
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Figure 4.5: (a) Correlation between porosity and contact resistance of Cathode 1* and Cathode 1.
Lines between points are a guide to the eye, with the arrow pointing toward the post-calendered
value, or in the case of sequentially calendered values, the final value. Error bars are smaller
than symbol sizes in some cases. Cross-section image of (b) uncalendered Cathode 1* and (c)
calendered Cathode 1* between the electrode and the current collector.

the calendered Cathode 1* has particles protruding into the current collector, which enhances the
contact between the electrode and the current collector and reduces the contact resistance. A layer
of CDB around active material particles can be observed, which will also promote connection with
current collector.
As for Anode 1* and Anode 1, the contact resistance did not decrease significantly after
calendering. The measured anode contact resistances were lower than 0.3 Ω · cm2 , meaning significantly lower than the cathode contact resistances.

4.3.5

Local correlation between ionic transport and electronic conductivity
To examine whether there exist a correlation between the ionic transport and the electronic

transport at a mesoscopic scale and to understand the effect of calendering, the contour maps of
MacMullin number and electronic conductivity, before and after calendering, are compared in
Figure 4.6 and 4.7.
As is shown in Figure 4.6 (a) and (c), Cathode 1* has a high degree of heterogeneity in electronic conductivity, and the heterogeneity can be reduced through calendering. This phenomenon
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Figure 4.6: Contour maps and frequency distribution of electronic conductivity (left) and MacMullin number (right) of Cathode 1* and Cathode 1 before and after calendering.
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Figure 4.7: Contour maps and frequency distribution of electronic conductivity (left) and MacMullin number (right) of Anode 1* and Anode 1 before and after calendering.
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can also be observed in Anode 1* (Figure 4.7 (a) and (c)). The high variability of electronic conductivity may be due to non-uniform distribution of pore space, where conductive particles are not
connected. Through the calendering process, the pore space collapses, and conductive particles
connect, which increases the local electronic conductivity and reduces the overall variability of
electronic conductivity.
Most of the electrodes have an increased average electronic conductivity after calendering,
which can be explained by enhanced interconnection between conductive material. However, the
average electronic conductivity of Cathode 1* decreases after calendering (Figure 4.6 (a) and (c)).
The frequency distribution plots show that before calendering, a large portion of locations have
relatively high conductivity values, above 400mS/cm, but these high-conductivity regions diminish after calendering. This result confirms that calendering can, in some instances, decrease local
electronic conductivity. As previously mentioned, it is possible that calendering modifies the local
CBD network and damages the connection between carbon particles, which decreases the local
electronic conductivity. Even in the expected cases where calendering increases the average conductivity, some highly conductive regions can be lost. This is observed for instance in in Anode 1*,
as shown by the frequency distributions (see Figure 4.7 (a) and (c)). This means that calendering
might also reduce the local electronic conductivity of anodes, in some instances, by damaging the
connection between graphite particles.
Parts (e) and (g) of Figure 4.7 show that most of the local electronic conductivity values
remain substantially the same for Anode 1. This means that before calendering, the conductive
particles are already interconnected with each other, and calendering does not significantly modify
the interconnection between particles.
As previously discussed, Figure 4.2 shows that the average MacMullin number increases
for all the electrodes after calendering. In Figure 4.6 and 4.7, the frequency distribution plots
also show that local MacMullin numbers likewise increase after calendering. The ionic transport
depends on the microstructure of porous (electrolyte-filled) space, and thus calendering reduces
ionic transport pathways in a fairly predictable fashion.
Calendering can alter the MacMullin number distribution pattern, as is seen in Anode 1
(Figure 4.7 (f) and (h)). After calendering, the MacMullin numbers in the bottom half of Anode
1 increased more than those in the top half, and the bottom half has a higher MacMullin number
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on average compared to the top half. When we subsequently cut the calendered Anode 1 into two
halves and measured the porosity of each half separately, the top half had a porosity of 26.6%, and
the bottom half had a porosity of 29.9%. Both halves had the same thickness but different masses.
This result means that there is a non-uniform mass distribution that leads to a non-uniform porosity
distribution and non-uniform ionic transport.
Figures 4.6 and 4.7 display side-by-side contour maps of electronic conductivity and MacMullin number. No significant correlation is apparent between electronic conductivity and MacMullin number for the 1-mm probe spacing in the two maps.
Possible explanations for the weak correlation between local electronic and ionic properties at the smaller length scales are: (1) The complex relation between electrode microstructure
and electronic conductivity; (2) misalignment between the electronic and ionic maps; (3) different sampling volumes of the micro-surface-flexible probe and the aperture probe drive; and (4)
electrode intrinsic heterogeneity length scale is different than the spacing between the sampling
locations. These possibilities are discussed in the following paragraphs.
We expected to observe the correlation because there should be a trade-off between the
ionic and electronic transport. In a given volume, the (electrolyte-filled) void space conducts ions,
while the solid space conducts electrons. Nevertheless, microstructure affects these two transport
properties through different mechanisms. Electronic conductivity is sensitive to the particle-toparticle contact and is, therefore, more sensitive to microstructure modification. Ionic transport
requires connected pore space, and the pores are easily connected without special treatment in the
electrode. Thus, the ionic transport is generally more predictable than is electronic transport.
Efforts to mark and control the positions between respective maps on the same electrode
need further improvement so that both two probes can be aligned with each other, i.e. have the
same xy coordinate origin. Current positional accuracy is estimated to be around 1 mm. However,
1 mm or less of offset in x or y directions does not appear to be a sufficient cause for observed lack
of correlation in Figures 4.6 and 4.7.
While conducting measurements, the aperture probe drives ionic current through an aperture of 400 µm diameter, and the µFSP drives electronic current from a contact of 50 µm diameter.
Therefore the ionic measurements are for a larger sampling volume than are the electronic mea-
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Figure 4.8: Pearson correlation coefficients between local electronic conductivities and MacMullin
numbers of four measured electrodes (before and after calendering) as a function of length scale.
The dashed line is the value below which the correlation is regarded as significant. Lines between
points are a guide to the eye.

surements, which could influence correlation if relevant heterogeneity length scales are similar to
sample sizes.
Even though correlation between the two transport properties is not observed at 1-mm
length scale, it is worth examining if correlations occur at different length scales. By coarsegraining or averaging adjacent pixels in the map, one can create maps with larger length scales or
effective pixel sizes. Then a Pearson correlation coefficient can be generated between the two maps
in which pixels are treated as elements of either a electronic conductivity or a MacMullin number
vector, respectively. Results are given in Figure 4.8 for the four main electrodes in which maps
were made. As expected, at the native 1 mm length scale, no significant correlation is observed
in all cases. At larger scales, the correlation becomes significant for all the samples other than for
uncalendered Cathode 1* Piece 1. According to the arguments previously made, one expects all the
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electrodes to have a positive correlation between electronic conductivity and MacMullin number.
However, some electrodes instead show negative correlations, which implies that the mechanism
of how microstructure affects transport is more complex, particularly for electronic transport, as
discussed previously in terms of percolation behavior of the CBD. Additional work is needed to
understand better under what conditions the correlation becomes negative rather than positive.

4.4

Conclusion
In this study, we investigated the impact of microstructure on ionic transport and electronic

transport and attempted to determine a correlation between the two transport properties.
After measuring both the electronic conductivity and the MacMullin number of several
commercial-grade electrodes, all the electrodes measured in this research, except for one cathode, have a negative correlation between the ionic transport and electronic transport. However,
even when expected trends are followed, there is no clear mathematical relationship that covers
the electrodes we tested. The results show that the electronic conductivity and the ionic transport
are affected by the electrode microstructure through different mechanisms. The ionic transport
depends mainly on the porosity of electrodes, but the electronic conductivity depends on the nature of conductive materials and the interconnection between conductive particles. This is why
the MacMullin number increases for all the tested electrodes after calendering, but the electronic
conductivity does not follow the same trend as the MacMullin number. On the other hand, contact
resistance with the current collector did follow the expected trend in all cases.
When comparing the contour maps of the MacMullin number and the electronic conductivity produced with 1 mm resolution, no correlation was observed between the two maps on a
given sample. However, when data were coarse-grained to a larger length scale (around 6 mm and
larger) then a significant correlation between the two transport properties can be identified. Therefore, the correlation between the ionic transport and the electronic transport may be obscured at
the 1 mm length scale, which can partially be explained by the complex relationship between electrode microstructure and electronic conductivity and by the limitation of the current experimental
techniques. Additionally, calendering can alter the in-plane variation of the MacMullin number
and electronic conductivity. Further work is needed, perhaps with smaller and larger length scale
of sampling to elucidate these relationships.
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Based on the results of this study, the relation between the microstructure and the electrode
property is highly position-dependent. While for a given electrode there may be an optimal overall
porosity to maximize average electrochemical performance, performance would not be optimal at
every location. Furthermore, there is no universal porosity that works for every electrode composition, meaning that Bruggeman-type relationships are suggestive but not determinative of general
performance.
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CHAPTER 5.

5.1

IMPACT OF HETEROGENEITY ON BATTERY CYCLING

Introduction
Although the electric vehicle market has been growing fast in recent years, there are still

several hurdles that deter consumers from adopting electric vehicles, including long charging times
[120]. Many electric vehicle makers and researchers have been trying to develop fast-charging
solutions. However, the fast-charging process causes several detrimental effects, such as lithium
plating on the anode and structural damage of the transition-metal oxide in the cathode. These
negative effects lead to safety risks and battery degradation.
Lithium plating occurs on anodes when the local potential of the anode falls below 0V̇
vs. Li/Li+ , and such low potentials can easily occur under the significant voltage polarization
during fast charge. To prevent lithium plating, the voltage polarization caused by sluggish ionic
transport should be lowered. Therefore enhancing the ionic transport by optimizing the electrode
microstructure, such as reducing the thickness and tortuosity, can mitigate lithium plating [45, 46].
Moreover, some researchers have observed that anodes with low tortuosity show reduced lithium
plating [47, 48].
Structural damage of the transition-metal oxide in the cathode is caused by rapid changes
in the crystalline unit cell volume and mechanical stress during fast charge and discharge. The
cathode active material particles tend to crack especially in the operating region at the end of
charge where the potential is higher than 4.14V̇ vs. Li/Li+ or the state of charge (SOC) is higher
than around 74% [121].
Heterogeneity of electrode microstructure has been believed to be a factor that causes battery degradation during fast charge [4, 32, 122]. Previously, our research group has developed a
technique to visualize the heterogeneity of ionic transport for battery electrodes. It is possible
that the inhomogeneous ionic transport leads to inhomogeneous anode potential, causing localized
plating of lithium at low-potential regions. Similarly, inhomogeneous ionic transport leads to in102

homogeneous cathode potential and SOC, which causes structural damage of cathode material in
certain area. To our knowledge, there hasn’t been any reported experimental work that directly
studies the influence of ionic transport heterogeneity on lithium cycling and state of charge.
The objective of this research is to understand how ionic transport heterogeneity affects
battery cycling performance during fast charge and discharge processes. This was a collaborative
effort between BYU and Argonne National Laboratory (ANL). Anode and cathode samples were
fabricated at the CAMP facility at ANL and shipped to BYU for local ionic transport mapping.
With the aperture probe [35] that was previously developed by our research group, we characterized the heterogeneity of ionic transport transport of anodes and cathodes. Then, the smaples were
mailed back to ANL where samples were made into cells and cycled. After making these anodes
and cathodes into lithium ion pouch cells and conducting fast charge and discharge, the heterogeneity of SOC was detected by Charalambous et al. [123] using synchrotron X-ray diffraction at
the Advanced Photon Source. Cells then underwent post-mortem analysis at BYU in which ionic
heterogeneity of electrode films was again tested. By comparing the heterogeneity of transport
properties to the heterogeneity of SOC, we hoped to better understand the heterogeneous behavior
of the lithium-ion battery during fast charge and discharge.

5.2

Experimental Procedure

Table 5.1: Composition, film thickness, and porosity values for the cathode and anode tested in
this work.
Electrode
Composition
R2 anode Graphite 91.83 wt%, Carbon 2 wt%, Binder 6 wt%, Oxalic Acid 0.17 wt%
R2 cathode
NMC532 90 wt%, Carbon 5 wt%, Binder 5 wt%

Thickness (µm)
78
77

Porosity
38.2 %
35.6 %

Round 2 (R2) anodes and cathodes were fabricated at ANL, so-named for their use in the
Department of Energy XCEL (fast-charge) program. Composition, thickness, and porosity are
given in Table 5.1. The R2 anodes were cut into size of 34mm by 45mm and the R2 cathodes were
cut into size of 33mm by 44mm.
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Two pieces of each electrode were independently sampled at BYU to study the electrode
heterogeneity. Once they were returned to ANL, each pair of electrodes was made into a lithiumion pouch cell with separator (Celgard 2320) and so-called Gen 2 electrolyte, and then each cell
went through fast charge and discharge cycling. After the cycling processes, the pouch cells were
returned to BYU and were subject to post-mortem analysis. The pouch cells were opened to examine lithium plating, and each cycled electrode underwent local ionic transport testing to examine
whether the cycling processes could alter the heterogeneity of the electrodes.

5.2.1

Characterization of electrode heterogeneity of ionic transport
Upon receiving the samples, we first characterized the ionic transport properties of the

electrodes using the aperture probe method. Efforts were made to conduct localized electronic
conductivity measurements as well, but the resulting maps were not sufficiently successful to be
considered valid. Thus, electronic measurement data are not included in this study.
Local ionic transport of each electrode was measured following the sample procedure as
presented in the previous publication [35]. After soaking the electrode in the electrolyte (25.8 mM
tetrabutylammonium hexafluorophosphate (TBAPF6 ) in propylene carbonate (Sigma Aldrich)), we
used the aperture probe (200 µm radius aperture) to conduct local impedance measurement on the
anode with a 34 by 45 grid of points and on the cathode with a 33 by 44 grid of points. Each
tested location had spacing 1 mm between its adjacent locations. During the electrode scanning,
the EIS spectra were collected with frequencies varying from 4kHz to 0.3Hz and perturbation of
50mV. The impedance spectra were inverted into MacMullin numbers to represent ionic transport
using 2-dimensional transmission-line model. After the ionic transport testing, the salt needed to
be removed to allow for subsequent testing. To that end, electrodes were soaked twice in fresh
dimethyl carbonate (DMC) solvent for several hours and then dried.
The same process was repeated for post-mortem ionic transport analysis.

5.2.2

Lithium-ion pouch cell cycling and local state of charge analysis
Lithium-ion cell fast charge and discharged was performed by Argonne National Labora-

tory. In this work, two cells was studied. For each cell, the cycling process was designed to start

104

(a)

(b)

Figure 5.1: Discharge capacity evolution of lithium-ion (a) Cell A and (b) Cell B during fast charge
and discharge cycles. Annotations are given on the plots to identify experimental anomalies. Plots
courtesy of Argonne National Laboratory.
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with 6 formation cycles, where the cell was cycled for three times at C/10 rate and for another three
times at C/2 rate. After the formation cycles, the cell was charged to 3.5V at C/10 rate and held
for 6 hours, and then the cell went through C/2 discharge and 6C charge cycles at 30 ◦ C. One cell
(Cell A) was successfully cycled more than 1000 times (see Figure 5.1 (a)), but the other cell (Cell
B) exhibited a substantial capacity drop after 28 cycles (see Figure 5.1 (b)) and was not cycled
further.
Local state-of-charge analysis was conducted using XRD at the Advanced Photon Source
facility at ANL. The XRD diffraction patterns were collected by exposing the pouch cell to a
synchrotron beam of 0.5 mm diameter. The synchrotron beam moved across the cell with 1 mm
spacing between each adjacent location. The synchrotron beam was set at 58.6 keV, which can
penetrate the entire pouch easily, and with around 1012 photons/s to achieve rapid data collection
(< 1s per exposure). Each cell took about 2 hours to finish the SOC mapping procedure. The state
of charge in the electrodes is deduced through analyzing the lattice parameters that correlate to the
lithium concentration in the crystal structure [123]. For instance, the ratio of lattice parameters c/a
in the cathode indicate the degree of lithiation.
After the cycling procedure and XRD measurement, the cells were returned to BYU and
opened for lithium-plating examination and post-cycling ionic transport testing. Before the postcycling ionic transport testing, the lithium-based salt was removed from electrodes by soaking
twice in DMC for several hours and then drying.

5.3
5.3.1

Results and discussion
Local correlation between the transport properties and state of charge
This section discusses the experiment results of Cells A and B. The ionic maps, the SOC

maps, and the pictures of the electrodes are displayed in Figures 5.2 and 5.3.
For all the electrodes tested in this work, there appears to be no obvious local heterogeneity
correlation between the pre-cycling ionic transport map, the post-cycling and post-charging SOC
map, and the post-cycling ionic transport map. Based on these results, variations in ionic transport
do not appear to be the primary cause for heterogeneous SOC behavior during the cell cycling.
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(a) Ionic map pre-cycling

(b)

SOC map
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Mean: 12.30
(d)

(c) Ionic map post-cycling
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Mean: 9.27
(f)
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Mean: 11.46
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Anode post-cycling

Mean: 8.82

Figure 5.2: Experiment results of Cell A. Pre-cycling maps of ionic transport for (a) cathode and
(e) anode. Post-cycling maps of ionic transport for (c) cathode and (g) anode. SOC maps for (b)
cathode and (f) anode. Pictures of the surface of (d) cathode and (d) anode. The pictures were
taken after the electrode were cycles, washed with DMC, and dried.
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(a) Ionic map pre-cycling
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(c) Ionic map post-cycling

Mean: 6.50
(e) Ionic map pre-cycling

(f)
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Figure 5.3: Experiment results of Cell B. Pre-cycling maps of ionic transport for (a) cathode and
(e) anode. Post-cycling maps of ionic transport for (c) cathode and (g) anode. SOC maps for (b)
cathode and (f) anode. Pictures of the surface of (d) cathode and (h) anode. The pictures were
taken after the electrode were cycles, washed with DMC, and dried.
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In the SOC maps ((b) and (f) in Figure 5.2 and 5.3), the red and blue colors mean respectively higher and lower lithium concentration. For each cycled lithium cell, the SOC maps of the
cathode and anode show some but not overwhelming evidence of being inversely correlated with
each other. For example, the low-lithium-concentration region in the anode of Cell B roughly corresponds to the high-lithium-concentration region in the cathode of Cell B, and verse versa. This
correlation is less obvious in Cell A. Any correlation between local SOC of the counterelectrodes
makes sense because if one electrode cannot deliver or received sufficient lithium then there will
be depletion in the other electrode at the same in-plane location. But we cannot be sure which
electrode is more responsible. We cannot offer any additional explanation for the observed heterogeneities in SOC.
By comparing the pre-cycling and post-cycling ionic transport maps of each electrode, we
can observe that the local MacMullin numbers were altered after the fast charge and discharge
cycling. The average value of MacMullin numbers decrease in both the anode and cathode. This
means the ionic transport is improved during the cycling. This has previously been observed in
our group for multiple electrodes [33] and was attributed to rearrangement of particles that tended
to open up pores and therefore decrease MacMullin number. Although local heterogeneity in
MacMullin numbers is not highly correlated between the pre-cycling and post-cycling maps, we
do observe consistent vertical striping that likely originate in the coating process. These stripes
are in the long direction of the continuous roll, and so can indicate unintended variations in the
extrusion of material onto the roll by the slot die. Nevertheless, such variations do not lead to
significant variations in SOC following the charge process.
Upon opening the lithium-ion cells after cycling, no apparent plated lithium metal was observed on the surface of the anodes, even though such was intended to occur by the aggressive
charging protocol. When soaking in the DMC solvent to remove the lithium-based salt, gas generation was observed for Cell A for around 1 minute. This could be due to the reaction between the
lithium metal that is not visible to the naked eye and absorbed water in DMC, in which case the
generated gas was hydrogen. After drying the anodes, white substance was observed (see Figure
5.2 (d) and Figure 5.3 (j)). The white substance distribution shows a somewhat similar pattern as
the post-cycling ionic map for the anodes. Based on prior experience, the white substance is likely
to be lithium hydroxide, oxide, or carbonate. This suggests that a small amount of lithium plating
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did in fact occur on Anode A due to the long cycling it underwent. But the lithium plating was not
as extensive and visible as has been observed on graphite anodes in our laboratory for cells that
have been repeatedly and rapidly charged.

5.4

Conclusion
In this research work, we tried to investigate how the heterogeneity of ionic transport affects

the heterogeneous behavior of battery cycling. Based on the experiment results, no evidence is
found to suggest that lateral or in-plane heterogeneity of ionic transport in electrodes is driving
significant lateral heterogeneity in state of lithiation behavior following repeated cycling and fast
charging. It was hoped that the experiment would lead to significant lithium plating on the anodes,
so that this could also be compared to the other local properties. However, such plating was not
observed to the expected degree.
This experiment could be improved based on the following two observations.
First, the electrode handling could affect the cycling performance of the electrodes. Before the fast charge and discharge cycling, each electrode was necessarily exposed to the so-called
blocking electrolyte, soaked in DMC, and dried. We observed an swelling of the electrodes following such steps. The hope is that this swelling would have occurred eventually and in the same
manner when the electrodes are exposed to Li-ion electrolyte, but this may not be the case. If an
in-operando method to directly assess ionic transport could be developed, this would overcome
possible handling issues.
Second, as demonstrated previously, the impedance measurement is more sensitive to the
tortuosity in the upper layer of the electrode (see Chapter 3). Therefore, the ionic transport maps
in this work might reveal the ionic transport property in the region close to the separator. On the
other hand, the synchrotron applied in the XRD analysis is able to penetrate the entire thickness of
the electrode, meaning that there is a possible mismatch in the measurement dimension between
the impedance measurement and the XRD analysis. Additional work is needed for depth profiling
or assessing heterogeneity in terms of vertical dimension.
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CHAPTER 6.

SUMMARY AND PERSPECTIVE

This chapter summarizes the work that has been done in this dissertation and provides some
recommendations for future work.

6.1

Summary of the work
Improving battery performance requires not only novel materials but also optimized elec-

trode design. Electrode microstructure influences electronic and ionic transport. Non-uniform microstructure distribution causes heterogeneity in electronic and ionic transport, which may hinder
battery performance. In this work, we used a combination of experiments and models to provide
a better visualization of heterogeneity of ionic transport and to investigate the correlation between
ionic and electronic transport properties.
Chapter 2 of this dissertation discusses the development of the aperture probe method, an
experimental technique for visualizing the in-plane heterogeneity of ionic transport in battery electrodes. Based on the same principle as the blocking-electrolyte method previously developed by
our group, this technique is able to measure the ionic impedance of battery electrodes at a millimeter length scale. A 2-dimensional transmission-line model that accounts for multiple sources of
impedance is proposed for analyzing the impedance data collected using the aperture probe. The
aperture probe method was validated by testing several commercial-grade electrodes using the two
methods and showing statistical agreement between the MacMullin numbers from each method.
The heterogeneity of ionic transport can be visualized by gathering all the local MacMullin
numbers and generating contour maps. The contour maps demonstrate the existence of heterogeneity in electrodes and the degree at which heterogeneity varies from sample to sample. By
examining the microstructure of an anode through SEM, we observed that two spots with different
MacMullin numbers have apparent differences in microstructure morphology. Therefore, the aper-

111

ture probe method is able to reveal details of the microstructure that cannot be seen through naked
eyes.
Throughout the development of the aperture probe method, we discovered that the aperture
probe is sensitive to the ionic transport in both through-plane and in-plane directions in the electrode. Therefore, an anisotropic factor is included in the model to account for the ionic transport in
both directions. The anisotropic factor is found to partially confound with the MacMullin number.
We haven’t independently validated the accuracy of the anisotropic factor estimation through a reference experiment. However, the anisotropic factors that were determined were greater than 1 for
anodes and smaller than 1 for cathodes, which may be related to the electrode microstructure. Incorporation of anisotropy into the aperture probe method provides a new dimension to understand
the ionic transport and heterogeneity.
Chapter 3 of this dissertation discusses how the aperture probe method and the blockingelectrolyte method are applied to characterize dual-layer anodes. We investigated the impedance
behavior of dual-layer anodes. For both the blocking-electrolyte method and the aperture probe
method, the results of the experiments show that the impedance measurement is more influenced by
the electrode layer close to the separator. Changing the size of aperture provided some additional
information that was capitalized to more accurately determine the MacMullin number of each
layer.
To estimate the MacMullin number in each layer of the dual-layer anode, we enhanced the
2-dimensional transmission-line model and assessed the enhanced model using both the impedance
measurement of the electrode and the impedance simulation with COMSOL Multiphysics. The
enhanced model is able to estimate the MacMullin number in each layer with reasonable accuracy.
The aperture probe and the blocking-electrolyte method are combined to improve the accuracy of
MacMullin number estimation by mitigating the uncertainty caused by the anisotropic factor and
guess parameters.
Chapter 4 of this dissertation investigates the correlation between ionic transport and electronic transport. For several commercial-grade electrodes, we used the aperture probe and the
micro-flexible-surface probe to measure the MacMullin number and the electronic conductivity
respectively. Electrodes were tested using each method before and after calendering to understand
how microstructure modification influences ionic transport and electronic transport.
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The results of the experiment generally show a negative correlation between the two transport properties at macroscopic scale, but such correlation cannot be accurately described using a
mathematical relation common to all the samples studied here. This phenomenon is explained by
the fact that while the MacMullin number increases for all the tested electrodes after calendering,
the electronic conductivity does not have such consistent trend for all the electrodes. Therefore,
the factors that influence the electronic transport are more complicated than those influencing ionic
transport. The ionic transport is mainly affected by the porosity, and decreasing porosity hinders
ionic transport. The electronic conductivity is influenced by the nature of conductive materials, the
network of the carbon-binder domain, and the connection between conductive materials.
Additionally, when comparing the MacMullin number and electronic conductivity contour
maps at the original 1 mm length scale, no correlation was identified. This could be due to misalignment between corresponding maps or due to to other sampling issues. However, when data
were reinterpreted at larger length scales we began to observe local correlations between the ionic
and electronic transport properties.
Chapter 5 of this dissertation attempts to reveal how heterogeneity of ionic transport affects
the electrode performance during the fast charge and discharge. Two pairs of anodes and cathodes
were scanned by the aperture probe to characterize the in-plane ionic transport heterogeneity. Then,
both pairs were made into lithium-ion cells and went through fast charge and discharge cycles. Our
partner applied XRD to analyze the in-plane variation of SOC of each electrode. The results of
this research work do not establish obvious local correlation between the ionic transport and SOC.

6.2

Recommendations for future work
The techniques and understanding developed in this work can be expanded to improve

the quality of Li-ion battery electrodes and to enhance the battery performance. Optimizing the
electrode design and manufacturing process to achieve an electrode with uniform microstructure
and maximized ionic and electronic transport can contribute to improving the rate capability and
energy density of Li-ion batteries. In what follows, I describe some of the possible specific areas
for expanding this research.
The aperture probe method developed in this study allows us to visualize the in-plane heterogeneity of electrodes. This technique can be used to help manufacturers examine the quality of
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electrodes. Thus, a potential research work could be investigating the impact of electrode design
(materials, composition) and manufacturing process (drying rate, coating, calendering) on heterogeneity of electrode microstructure. Then, we may be able to determine an optimal electrode
design and manufacturing process to achieve an electrode with a more uniform microstructure.
Research by our group has suggested that the heterogeneity of ionic transport contributes
to lithium plating and hinders battery lifespan. The aperture probe method explained in Chapter 2
will provide a valuable tool to study the impact of heterogeneity on battery cycling. Even though
the research work in Chapter 5 does not show a promising result, it is still worthwhile to continue
the research in this vein. By ameliorating problems with the experimental process, we will have a
better observation of the impact of electrode heterogeneity.
Combined with the enhanced transmission-line model explained in Chapter 3, the aperture
probe method can help characterize the MacMullin number in each layer of the dual-layer anode. This technique is valuable to help electrode manufacturers examine the success of electrode
design and fabrication (i.e. whether the fabricated dual-layer electrode has the desired microstructure). Additionally, the aperture probe technique can also help researchers determine the optimal
dual-layer microstructure design (for example, the tortuosity, particle size, and thickness of each
electrode layer) that enhances the battery cycling performance.
In Chapter 2, the anisotropy of electrode microstructure is detected. However, the accuracy
of estimating the anisotropic factor is not validated, and designing a separate experiment is required
to validate the anisotropic factor estimation. If the anisotropy detection by the aperture probe were
sufficiently accurate, this could provide another research dimension of electrode microstructure.
The anisotropy can also help us understand how the particle shape and the particle orientation
affect ionic transport.
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